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ABSTRACT

This document describes a digital computer program developed
to simulate the performance assessment of atmospheric entry
aided-inertial guidance systems. The description contains a
mathematical model, a computer program description, a user's
guide, an operator's and programmer's guide, and a program
listing. The program is written in FORTRAN IV for the IBM
7094,
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1.0 INTRODUCTION AND SUMMARY

This document describes in detail a digital computer program for the performance
assessment of aided inertial atmospheric entry guidance systems. The description
includes a statement of the basic mathematical assumptions and a description of the
mathematical model based on these assumptions. The mathematical model assumes
optimal data processing of IMU and electromagnetic sensor input in real time, the
availability of a nominal trajectory, and the application of lambda matrix guidance.

In combination with the nominal trajectory program as described in Volume II, Parts
5 and 6, the performance of such aided inertial atmospheric guidance systems can be
evaluated for single pass, single skipout, and atmospheric braking trajectories.

The description of the mathematical model is followed by a representation of the
computer program itself in terms of flow charts and equations in Section 3. The flow
charts are intended to indicate a logical flow connecting different functional blocks.
Although these flow charts may not always describe the literal operation within the
program, nor do they include the myriad of small details consistent with a large com-
plicated program, the blocks are numbered and these may be identified with the various
subroutines by means of information appearing in the Operator's and Programmer's
Guide. A listing of the program is also provided, together with a key which identifies
the FORTRAN symbols in the program with the equation symbols in the flow charts.

The flow charts have been arranged and drawn according to a hierarchical structure.
The "highest" level, designated as Level I, depicts the overall structure of the pro-
gram. Each block appearing in this chart is described by another flow chart. These
charts are designated as Level II. This policy is repeated for each block in every
level until no further logic remains to be described. The final set of flow charts at
the lowest level are supplemented by the detailed equations which are used in the
program. Of particular interest to one inexperienced in the use of the program is the
User's Guide. Instructions are included here which indicate how to supply all the
necessary input in order to operate this program in any of its sixteen operational
modes. The information contained in this section along with instructions to the operator
contained in the Operator's and Programmer's Guide is adequate to operate this pro-
gram to its fullest capability.

1-1-
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2.0 MATHEMATICAL MODEL

In this paragraph the basic equations necessary to specify the functions and assess the
performance of a space guidance system during atmospheric entry phases of inter-
planetary missions are presented. The atmospheric entry may be accomplished on a
single pass or a single skipout of the atmosphere may be utilized in order to extend
the range capability. This program may also be used to study missions in which a
space vehicle enters the atmosphere of a planet to accomplish atmospheric braking
resulting in a change in the direction and magnitude of the vehicle's velocity vector.

2.1 GENERAL PERFORMANCE ASSESSMENT PROBLEM

The quantitative formulation of a mathematical model for the performance assessment
of aided-inertial space guidance systems must be preceded by a definition of the term
"space navigation and guidance system" and its function. In the context of this report
the term "space navigation and guidance system" is defined as the entity of all on-
board as well as ground-based equipment (where "ground" may not be identical with
earth) necessary to perform the guidance and navigation functions. The functions of
any guidance system are threefold: First, the state of the system (position, velocity,
and attitude) must be determined. This mode is called navigation and consists of data
gathering by the available sensors and the transmission, and processing of this data
by airborne or ground-based equipment. Based upon this knowledge of the present
state of the system, control actions can be computed according to a certain philosophy
which will transfer the system from the present state into a desired state at a later
time. This is the so-called guidance mode. Finally, the computed control actions are
carried out in the control mode. This constitutes the third main function of the guid-
ance system.

In order to give the problem a more definite character, the system configuration,
which can perform these functions, must be specified in more detail. Two basically
different types of sensors are, and will be, available for the navigation function,
namely, inertial sensors and electromagnetic sensors. Inertial sensors measure
nongravitational accelerations (accelerometers) such as engine-thrust and drag-forces
and attitude or attitude rates (gyroscopes). The function of the inertial sensors is that
of measuring the magnitude and direction of aerodynamic acceleration and, by com-
parison with nominal values, to improve the estimate of the state. This may be con-
trasted to the customary application of the IMU in which the state of the vehicle is
calculated by propagrating the initial state. This is normally accomplished by meas-
uring the nongravitational acceleration, calculating the gravitational acceleration and
integrating these quantities to obtain position and velocity. The latter application does
not permit one to improve ones knowledge of the initial conditions and in fact these
initial errors are augmented since they contribute to errors in the gravity vector.
Electromagnetic sensors are useful because their outputs are functions of the state of
the vehicle only and because the output does not depend upon an integration process.

2-1-
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In addition the effectiveness of the electromagnetic sensors is undiminished, in con-
trast to that of the IMU, during the periods when aerodynamic forces are small with
respect to gravitational forces.

The following electromagnetic sensors will be considered:

1. Three ground trackers providing range, range rate, and angular information

2. Horizon sensor measuring the planet's subtended angle and providing informa-
tion about the local vertical

3. Radio altimeter measuring the altitude and radial speed of the vehicle

The performance of a specific space guidance system configuration will be measured
in terms of the terminal accuracy and the control effort necessary to achieve a pre-

scribed terminal accuracy. In terms of the function of the systems, a performance

criterion for an aided-inertial guidance system can be formulated as follows.

A guidance and navigation system should operate in such a way that the information
from the various sensors is combined and processed in a "most efficient" way, and
the guidance policy is chosen in such a manner that the terminal state is reached with
a minimum of control effort without violating existing constraints, such as maximum
allowable deviations from the nominal position and velocity or constraints imposed on
control capability, e.g. , maximum throttleability of thrust engine or maximum rate of
change of the thrust direction.

This requires the construction of such a mathematical model in the framework of
modern system analysis employing optimum estimation and filter theory and guidance

schemes based upon the calculus of variation in its classical and/or modern form.

The basic underlying assumptions for such a mathematical model are explained in the
following section.

2.1.1 Basic Assumptions for the Mathematical Model

It is the task of this paragraph to develop within the framework developed in the pre-
ceding paragraphs, a mathematical model that permits the quantitative specification of
a particular guidance and navigation configuration and the quantitative assessment of
the system performance. The model should also provide the possibility of synthesiz-
ing a system that is optimal with respect to a certain performance index. This system

can then be used as a yardstick by which the performance of other systems can be
measured.

In the formulation of the mathematical model, two problems must be clearly distin-
guished. One is the investigation of the performance of guidance systems with respect

2-2
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to statistical ensembles. The other problem is the simulation of actual flights. This
distinction is of importance because of the task of determining the validity of the model
under real conditions.

In the construction of the mathematical model for the performance assessment of
aided-inertial space guidance systems, certain basic assumptions can be made which
are valid for all nominal mission profiles and system configurations. These assump-
tions are first stated in a group.

2.1.1.1 Statement of Basic Assumptions

Assumption 1

Each mission is defined by a nominal mission profile; i.e., position and velocity are
prescribed functions of time.

Assumption 2

The deviations from the nominal state as represented by the nominal phase trajectory
due to error sources in the guidance, navigation, and control system are small and

of first order in all state variables during the time intervals under consideration. The
smallness of the deviations from the nominal state during all time intervals that in-
fluence the terminal accuracy make it possible to apply first-order perturbation theory.

Assumption 3

Random noise sequences in the plant and observations are assumed to be timewise
uncorrelated and Gaussian.

The assumptions have the following implications for the mathematical model as well
as on-board mechanization of guidance and navigation schemes.

1. Optimal estimation and prediction theory is applicable, either in the form of
maximum liklihood or its theoretical equivalent of Wiener filter theory in its
modern version, as developed by Swerling, Kalman and Bucy, Pfeiffer, and
Bryson.

2. Optimal guidance schemes are governed by linear differential and difference
equations, and the existence of the solution of the corresponding boundary
value problem is well established.

3. The "separation principle™ become applicable and provides a simple guide-
line for the synthesis of optimum systems.

4. The performance of the space guidance system concerning terminal accuracy
can easily be expressed as function of the covariance matrix P.

2-3°
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2.2 NOMINAL AND ACTUAL TRAJECTORY BLOCKS

2.2.1 Nominal Trajectory

2.2.1.1 Basic Assumptions and General Structure of Trajectory Profile

The model for the nominal re-entry trajectory which provides acceleration, velocity,
position, and attitude as a function of time for the performance assessment of aided-
inertial re-entry guidance systems, as described below, is based upon the following

general assumptions.

a. Physical Environment
Nonrotating planet with a spherically symmetric gravitational potential and
exponential nonrotating atmosphere constitutes the physical environment.
b. Vehicle Configuration
A rigid lifting vehicle without any thrusting capability outside that required
for attitude changes is assumed.
¢. Nominal Control

Aerodynamic control is achieved through a change of the roll angle. The
control philosophy is dependent upon the specific phase and is described be-
low in a phenomonological manner.

The mathematical model is formulated in such a fashion that at most seven phases can
be encountered in one trajectory. On the other hand, it is possible that the starting
point can lie in any of these phases. These phases are schematically depicted in
Figure 1.

The model can describe the following major mission profiles:
a. Single-pass trajectories. This class encompasses those trajectories in

which the vehicle does not leave the atmosphere after it entered it once.

b. Single-skipout trajectories. This class encompasses those trajectories for
which two atmospheric phases are connected with each other by a free-fall
orbit.

In addition to these two major classes the model provides the possibility of describing
other trajectories such as those encountered in atmospheric braking maneuvers. The
latter can be simulated by starting the program in phase 3.

For the sake of clarity, the different phases, as numbered in Figure 1 (i.e., assum-
ing a single-skipout trajectory) are defined as follows.

2-4




Phase 1:

Phase 2:

Phase 3:

Phase 4:

Phase 5
and 6:

Phase 7:
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Figure 1. Trajectory Profile (Schematic)

Initial entry phase. A constant roll angle control policy is used during this
phase. The sign of the roll angle is allowed to change so that the vehicle
will remain sufficiently near to its initial trajectory plane.

"First" constant altitude phase. The roll angle is changed such that the
vehicle maintains constant altitude.

Pullout phase. The roll angle is changed according to a prespecified time
history. This is done by specifying the coefficients of two second-order
polynominals in time. The length of time that the two curve fit control
laws are used may be specified. If the vehicle has a high enough speed
and appropriate coefficients are specified, a path may be generated such
that phase 4 will be entered.

Skiput phase. No trajectory control since it is assumed that thrust is only
available for vehicle attitude control.

Second entry phase and second constant altitude phase. The control
policies are equivalent to those in phases 1 and 2, respectively.

Final descent phase. The vehicle is kept at constant roll angle and angle
of attack. The roll angle can change signs in order to provide out-of-
plane control.



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION <§A\CZ>

2.2.1.2 Coordinate Systems

The initial position and velocity of the vehicle with respect to the re-entry planet may
be input in either cartesian or spherical coordinates. These coordinate systems are
shown in Figure 2. The cartesian system is right-handed, irrotational, and ortho-
gonal. The axes may be considered to be oriented with the k axis along the northern
polar axes of the re-entry planet and the i and j axis in the equatorial plane. However,
this orientation is arbitrary since the planet is assumed to be a nonrotating spherical
body. All the velocity and acceleration integrations are performed in the i, i, k
coordinate system. -

If the i, j, k cartesian coordinate system is considered to have the orientation des-
cribed above, the input spherical coordinate system would have the following meaning:

r - radial distance of vehicle from center of re-entry planet
u - longitude
A - latitude
o
- d
V0 spee
Y - flight path angle, measured from the local horizontal plane up to the

velocity vector

A - azimuth angle, measured clockwise from north to the projection of the
velocity vector in the local horizontal plane

The output position and velocity are given in both the i, j, k cartesian system and a
second spherical coordinate system is shown in Figures 3 and 4. This second spher-
ical system is convenient because it is oriented in the initial trajectory plane. This
provides direct observation of out-of-plane velocity and position values.

The output spherical system, r, 6, ¢, V, Y, B, is referenced to the right-handed,
irrotational, orthogonal cartesian coordinate system, it, jt, kt. The relation between
the i, j, k system and the it, jt, k¢ system is shown in Figure 3. The relation between
the it, jt, kt system and the r, o, ®, V, ¥, 8 system is shown in Figure 4.

The it, jt, ki system is set up at the beginning of the program (t = ty) with j; and k¢
forming the initial trajectory plane so that the output spherical system will have the
following interpretation:

r - radial distance of vehicle from center of re-entry planet

) - range angle plus 90 degrees
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Meridian of Plane Containing k and r

Local Horizontal Plane (LHP)

— | %

___ Projection of Meridian
onto LHP

Center of Reentry Planet
Projection of V

onto LHP

-

Reentry Vehicle

hoe

Input:

TRINP = 1:  Position = Xgi + Yo j + Zo kK
Velocity = Xgi + Yo j + Zgk

TRINP = : Position = rg, Ag, Ky
Velocity = Vg, vo, Ag

Figure 2. Input Coordinate Systems
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Meridian of
Initial Trajectory
Plane

&~

foe

Figure 3. Cartesian Basis for Output Spherical Coordinate System
att =t (iy, j¢, ky) related to i, j, k system
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k¢
‘ Projection of Meridian
onto Local Horizontal

Plane

Projection of V
onto Local
Horizontal Plane

/7 AR\
/ /¥

I<
-~

—_——— e e lt

i Meridian

NOTE: Since # = range angle +90°, 8 is never less than 90°. However, the diagram
was drawn as it is for clarity.

The unit vectors Jt and L(t form the initial trajectory plane.

Figure 4. Relation Between Spherical Output Coordinate System
(r, 9, ¢, V, v, B and_it,it, Et system (at t #to)
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) - out-of-plane position angle

A% - speed

Y - flight path angle

B - angle between the projection of the velocity vector onto the local horizontal
plane and the plane formed by k; and r, measured clockwise from the
plane

The orientation of the vehicle is given by three orthogonal unit vectors defining the
pitch axis (Pp), the yaw axis (Yp), and the roll axis (Ijo). There are three sets of
these unit vectors. One set is the actual set (B, Y5, Rp) which describe the current
orientation of the vehicle. A second set is the reference set (P15, YAoq, ROo0) which
is defined with respect to the i, ¥ k coordinates by the matrix transformation (Ag)
shown in Block B. 1.4. The third set is the set defining the orientation of the vehicle
with respect to the reference set at time =t, (P}, YA, Ro)t = tor The initial orienta-
tion is different from the reference set by the Euler angles a4, a9y, @3, (input
quantities).

The roll axis (Rp) is different from the direction of the velocity vector by the angle of
attack (@). Also, the pitch axis (Pj) is rotated from a line perpendicular to the tra-
jectory plane by the angle 900 - . These conditions remain true throughout the flight.

2.2.1.3 Differential Equations of Motion

This section states the differential equations of motion, resulting from the following
basic assumptions:
a. The vehicle is represented by a point mass.

This assumption concerns only the motion of the vehicle along the trajectory.
The 6-dimensional dynamical character of the problem is taken into account
through the model for the nominal control policy, as described in the next
section. It enters the differential equations directly through the control
variables which are the roll angle ¢, and the angle of attack a.

b. Ablation effects are ignored resulting in the assumption of constant mass.

c. Exponential nonrotating atmosphere and spherical earth are assumed.

Under these assumptions the differential equations of motion in the cartesian (i, Js k)
coordinate systems becomes

_1
A= @+N-g

2-10
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a is the total acceleration, M the access of the vehicle, g = go (%) U, is the gravita-
tional acceleration with

g, = sea level gravitational acceleration of re-entry planet

R = radius of re-entry planet

r = radial distance of re-entry vehicle from center of re-entry planet
U = unit position vector of vehicle in the Newtonian reference cartesian

coordinate system, i, i, k

The aerodynamic drag forces D and the aerodynamic normal force N are given by

2
_ vs
D=-Cpp 5~ 4
2
- V_Ss .
E_CNp 2 (coscpy'u smcpyp)

The dependence of the aerodynamic drag and normal force coefficients Cpy and Cy on
the angle of attack a is assumed as

2 4
C.=¢C +Cza +C4a

D D
o)
3 5
= + +
CN CN C3a C5a
o
where Cp , Cn ., and C; (i =2, ...,5) are properly chosen constants.
Dy ¥Ny i

The atmosphere density has the form

oop oBE-R
o

V indicates the speed, S the aerodynamic area of the vehicle, and the orthogonal
(u, v, p) coordinate system is defined as

2’ unit vector in direction of velocity

I_Jp unit vector perpendicular to LTV and in instantaneous trajectory, plane
U =U xU

-u -u -v

2-11
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This completes the description of the differential equations in the (i, j, k) coordinate
system. The equations of motion are always integrated with respect o this coordinate
system.

2.2.1.4 Integration Routine

Time is advanced in the program by the integration routine. The integration loop con-
sists of the integration routine (Block I.4 - Range Kutta Type), dynamics block

(Block 1. 2), and the evaluation block (Block I.8). This loop is exited to calculate a
new nominal control at each nominal control time, phase change time, print time, and
the terminate run time.

2.2.1.5 Nominal Control

Only the roll angle ¢ is used for aerodynamical control of the vehicle in the different
phases as explained in the first section. The quantitative details are discussed phase-
wise below.

2.2.1.5.1 Nominal Control During First and Second Re-entry Phase

A constant roll angle is used in these two phases and is changed in sign if the direction
of the velocity vector deviates from the initial nominal trajectory plane by more than

eg- Thus
Cpci - Slgrliq)c
i i . <
. I8N 1 it II—Jp LJvI s
s1gni = 0
sign(U - U)if|U - U|ze
Py \'4 P, v s
where
ypo - LUuxyv)t0

defines the unit vector normal to the initial trajectory plane.

During a flipover maneuver, the change in the roll angle is assumed to be

2-12
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and the roll rate of the vehicle is computed according to

. = Ky By = 2

is a preselected constant, representing in a gross fashion the vehicle response to
the control system.

2.2.1.5.2 Nominal Control During the Constant Altitude Phases

The roll angle control is given by
Kyt~ T)

. il . -1 . 7
cpc s1gni [ 5 1 sin (K1 Ar K2 Ar) +2 e ]
where
Ar = 1 = radial velocity of vehicle
Ar = r-r
c
rc = desired constant altitude of vehicle

K1 and K2 are gains whose value is either input as constant or calculated as a
function of time (optimum gains)

K3 is an input constant

Tc = time at the beginning of the constant altitude phase

sign. is chosen in the same fashion as in the initial entry phases and provides
out-of-plane control

This control law provides upward normal force Icpcl < 1/2) as required to keep the
vehicle at a constant altitude. The term

n —K3 t - Tc)
5 ©

is used to make lcpcl =T at the beginning of the constant altitude. This is helpful in

preventing an unintentional skipout.

The following scheme was used to calculate the gains K, and K3 as a function of time:

In order that the radial velocity be zero and the radial distance not vary from some
desired value (r.) the following restriction was placed on the command roll angle:

2-13
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sin (o - 909) - [K (F-0) + K, (r =1 )] =0 (1)

Equating the radial acceleration to the acceleration provided by the normal force
(normal to the drag force) gives the following:

-AF = —1\1—4 N sin (@ - 90°) )
where
¥ = roll angle of vehicle
M = mass of vehicle
N = magnitude of normal force
AY =¥ = radial acceleration

Substituting (2) into (1) gives

.. N . N
+ —— + — F—
AT M K1 Ar M K2 Ar =0

which is analogous to the standard second-order differential equation

2
417

3&+2§Ex+—-— =90
T TZ

where € is the damping ratio and
T is the natural period of oscillation
Thus we may set

11
=-—-—4TTMQ and K =4 M

K1 NT 2 2

and input values of { and T such that the constant altitude control policy will have the
desired values of damping and oscillation frequency.

2.2.1.5.3 Nominal Control in Pullout Phase
The roll angle is used as a control variable and is specified as

. 2
"p = F + E - 'l" + E‘ — |'
c s1g‘ni [ 0 1 (t c) 2 (t c) ]

2-14
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Fy, Fy, and F, are appropriate input quantities; T¢ the time at beginning of pullout
phase. Sign; is determined as in the initial entry phase and used for out-of-plane
control.

2.2.1.5.4 Nominal Control in Final Descent Phase

The roll angle is used as a control variable in the same way as in the initial entry
phase.

2.2.1.6 Evaluation

The calculation of heating and pilot acceleration history is performed in the evaluation
block (Block I.8). By looking at the output of these values (Q and Ej, respectively) a
particular trajectory may be evaluated concerning the severity of ablation on the

vehicle and the aerodynamic acceleration effects experienced by the pilot.

Convective heating rate at the stagnation point is calculated as follows.

C
__H . Pn Vm
qc N (p ) (\/g.‘r—)
N o
where
qc = convective heating rate
CH = an input constant whose value depends on the planet's atmosphere
and the type of boundary layer flow
n = an input constant describing boundary flow (n = 0.5 ~ laminar flow)
m = an input constant describing the type of flow (m = 3 ~+ laminar flow)
RN = radius of curvature of vehicle at stagnation point

Radiative heating rate at the stagnation point is calculated as follows.

- PP q
G = KRy () H C

where
q, = radiative heating rate
kH = an input constant specifying the percentage of heat radiation between

the gas cap and the vehicle

2-15-
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pH = an input quantity
[ clif X <1.73
el NEg
r
Ce = v Ce 1’ Ce 5 are input quantities
i - =
Ce2 if @ 1.73
\Y%
if — <1.73
W
q = q; and q, are input quantities
i 2 >

The total stagnation point heating rate is given by
= +
7% "%

The accumulated heat which can be used as a measure of ablative losses is given by

t
Q=J‘ qsdt
t

o
where Q is an output quantity.

The limit of pilot acceleration endurance is represented by

2 3 4
™= + '+ E_(a) + N+ '
E0 Ela 2(a) E3(a) E4(a)
1 =
a'=f/ g,
where
o =length of time a pilot will remain usefully conscious at a particular
acceleration level

a' = aerodynamic acceleration is earth g's
f = aerodynamic acceleration of vehicle

2-16
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g, = sea level gravitational acceleration of earth

Ei (i=0,4) = input quantities
The acceleration history of the pilot is represented by

t

E = E dt
n . n
t
o)
where
: N S O
E = =5 if =5 20.0008
E =0 if — <0.0008
n T!

Thus if the value of E;, ever reaches or exceeds one, the pilot has "lost" useful
consciousness. However, the program will not stop on this condition.

2.2.2 Actual Trajectory

2.2.2.1 Basic Assumptions

The model for the actual re-entry trajectory which describes the motion of the vehicle
from its perturbed initial state to its terminal state under the influence of the per-
turbative control vector as generated in the guidance block, is based upon the same set
of assumptions used in the nominal trajectory block except for the following modifica-
tions or additions.

a. Physical Environment

The atmospheric density, p, is written in the nominal trajectory as a function
of the sea level density, Po» and the atmospheric decay factor 8'.

-p e B'R
p Poe
where h is the altitude of the vehicle.

In the actual trajectory block, the density is written

- -8
p = (po + 5Do)e

where 690 is a random variable assumed to be correlated in altitude.

The correlation of 6p0 is first order and given by the equation

217"
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, h

5o - bl

Py Lo 0P, t W, ()
P

where Wp (t) is white noise.

The covariance, 9Q (t), of wp (t) is given by the equation

T -k, [h(t_ ) -h]
Q) = |h(tp_l)| (kg + [ky +khe )] e 3 1 Tp-1 o',

where the k's and h are input constants

Under these conditions the density perturbation, Gpo, is given by the following
equation.

& = § & + T
where
¢t ,t l) is the solution to the linear homogeneous
¢ P™1 differential equation for the perturbative
density function
and
CI‘ p.p-1 is the white noise weighting matrix in the

*®7% density perturbation shaping filter.
Vehicle Configuration

The normal and drag force coefficients, Cy and Cp, are modified to read as
follows

N

3 5
%* + * 3
(CNa + GCNa) o C3a + Csa

°p

2 4
¥ + 0 + C* + C*
(CD0 CDO) C2 a C 1Y
where the * implies values used in the nominal trajectory and the 8Cypy, and
8Cp, are constant random numbers which may be input or computed with a
noise generator 6 Cyq and 8Cpg represent the uncertainty in the aerodynamic
coefficients of the vehicle.
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¢. Vehicular Control

Aerodynamic control is accomplished by adding to the roll angle commanded
in the nominal trajectory a perturbative roll angle. In addition a perturbative
change to the nominal constant angle of attack is made. Both of these control
quantities are computed in the Guidance Block (see paragraph 2. 5).

2.3 SENSORS

Both electromagnetic and inertial sensors may be used as aiding instruments during
planetary atmospheric entry. The electromagnetic sensors consist of ground based
instruments, ground trackers, and instruments carried in the vehicle, i.e. horizon
sensor and radio altimeter. The inertial sensors comprise an IMU, inertial measure-
ment unit, which is also a vehicle based instrument.

A description of these sensors follows.

2.3.1 Ground Tracking

Three ground trackers may be used. The position of each is defined by means of input
irT, i8, i (1=1,2,3) where jr is the radial distance to the ith tracker from the
center of the planet, i9 is the longitude of the ith tracker, and jp is the latitude. The
measurements made by each of these trackers consists of range (p), range rate (p),
elevation () and azimuth (). Figure 5 shows the geometry of the tracker locations
and measurements.

Figure 5. Ground Tracker Coordinate System.
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The position of the ground tracker, r , is defined by means of the following equation
Ip = cos o cosgi + cospsingj + sin 6k

The range and range rate vector equations are given by

pP=r-r

p=i-t, =V

T
where r is the position vector of the vehicle

and V is the vehicle's velocity vector
Range and range rate are given by the equations

p = |ol

B .

©

p =

]

The elevation of the vehicle with respect to the tracker is given by

<y¥s

|3

¥ = sin -

no |3

It is convenient to define another coordinate system for use in computing the azimuth
angle. This coordinate system is obtained by means of two rotations giving the range
vector P 11 in the transformed system as a function of the range vector p in the X,Y,Z
coordinate as shown below

. . - I i,
XI')' sinc 0 - cos cos 0 sing@ 0
11 " .
P = Yp 0 1 0 -sing cos 6 0 P
Zr;' cosp 0 sine 0 0 1
Y”
-1 p
n = tan 0 < 2om
_XH
P

2-20




AC ELLECTRONICS DIVISION GENERAL MOTORS CORPORATION i%‘/g}

The actual and nominal measurements of the ith ground tracker given by

[ o*] [ o]
1 1
" i
A
* = =

L i % v

1 1
%*

inj inJ

where in the actual case X replaces the nominal state X* in the computations
Bias errors in the ground tracker measurements have two sources

a. Instrument errors i.e. the instrument makes an error in measuring range,
range rate, aximuth or elevation.

b. Tracker location errors i.e. the cartesian coordinates describing the position
of the tracker are in error.

These errors may be input or calculated using a noise generator,

2.3.2 Horizon Sensor

A horizon sensor, assumed to be aboard the vehicle, may be used as a navigation
instrument. The measurements made by this instrument consist of three angles:
elevation (@), azimuth (8), and half subtended angle (3H). Figure 6 portrays the

geometry associated with this instrument and its measurements.

If the position vector of the vehicle is r, where

r=x,1 +X,j+Xk

then the elevation angle, «; is given by

-1 X
r a

and the azimuth angle, 8, is given by

o3
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X
-1 3 T i
= -gi — -=< < -
(o4 sin [lzl] 9 = a s 2
and the azimuth angle, §, is given by
1 [X
- tan 1 [ﬁ 0<d<om
X1

The half subtended angle BH is written below as a function of the radius of the planet,
Rj and the distance from the vehicle to the planet r.

H_ , 1 (B
B+ =sin [r]

Notice that the angular measurements originate at the vehicle. See Figure 6.

The actual and nominal measurements of the horizon sensor are given by

a* o
A A
* = * = 8
41{ ) 4Y
pH pH

b 3
where in the actual case X replaces the nominal state X in the computations.

4 X3

JT Na Vehicle
N\
T

N X
5 « : 2
X1

Figure 6. Horizon Sensor Coordinate System
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Bias errors for this instrument consist of errors in the three angular measurements
made by the instrument. These may be input or calculated with a noise generator.

2.3.3 Radio Altimeter

The last electromagnetic sensor, the radio altimeter, makes on board measurements
of altitude, h, and radial speed, r.

The altitude is the difference between the radial distance to the vehicle, r, and the
planet's radius, R, since the planet is spherical.

h=r-R
Radial speed, r, is the components of the vehicle's velocity along the radial direction.
r.v
P =
r

The nominal and actual measurements of the radio altimeter are given by

h* h
Y* _ Y =
6 o 6 ;

where in the actual case X replaces the nominal state X * in the computations.

Bias errors for this instrument consist or errors in the measurement of h and r and
are input or calculated with a noise generator.

2.3.4 Inertial Measurement Unit

The inertial measurement unit senses aerodynamic acceleration. It consists of three
gyros to supply attitude information and three accelerometers. On an optional basis
the IMU can perform as a gimballed system i.e. one in which the stabilization gyros
and accelerometers are isolated from the angular motion of the vehicle by means of
three gimbals or it may function as a strap down system i.e. one which has the
accelerometers and gyros tied to the vehicle frame.

The measurements made by the IMU consist of components of integrated aerodynamic

acceleration. These are computed in block I for the nominal trajectory and block IV
for the actual. They are identified respectively as
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[a o[
7Y* =ji*= a* 7Y=jt£= fay

o
J'a* ‘fa
Z 7

The error model for this is described in the following paragraphs.

Because the bias errors are included in the augmented state and because the computa-
tional load and computer storage requirements rise very rapidly as a function of the
dimension of the state, the error model was kept very simple. There are 15 bias
errors distributed among three gyros and three accelerometers according to the
following schedule.

€ €4 €1 Initial misalignment of gyros 1, 2, 3

€90 €y €g Constant drift of gyros 1, 2, 3

€qs €g 69 Acceleration dependent drift of gyros 1, 2, 3
2 i H 2’

€10’ €0 614 Bias errors of accelometers 1 3

€11 613, 15 Scale factor errors of accelometers 1, 2, 3

The gyros and accelerometers are oriented with respect to each other in an invarient
configuration defined in table below. The Xj, Yj, Z1 define an orthogonal right
handed triad.

2-24

X1 Y1 Zy
gyro 1 input output spin
gyro 2 spin input output
gyro 3 output spin input
accel 1 sensitive
accel 2 sensitive
accel 3 sensitive

Table 1. Gyro and Accelerometer Orientation
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In the gimballed system the X;, Y;, Z 1 coordinate system is related to the i, i,k
coordinate system by means of the following transformation B

~ . ro
X1 i
Y, | = [M][Co] 3
y/ k
[ 71 =]
where
C, is a transformation relating the reference body axes Prg, Yp,» Ry to
the i, j, k coordinate system
and

M is an input transformation relating the instrument axes to the reference
body axes

When the strap down configuration is called for, the X7, Yy,

Z] coordinate system by
means of the following transformation

’—X | ]
1 —_—
Y, | = [M][C] i
i ZlJ i . _
where
M is an input transformation relating the instrument axes to the current
body axes
and
1 0 0 cosagz 0 -sinay [ cos @y sina; 0
cC=1]0 cos ag sinag 0 1 0 -sina; cosa; 0 C0
0 sinag cos ag sinag 0 cosag 0 0 1
where
@1, @3, ag are the inner, middle and outer gimbals angles respectively
and

Co is as defined above.
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The drift of the ith gyro about its input axis, ¢;, is written below as a function of the
K's which are normalizing constants, e's which are bias errors of the gyros defined
earlier and a; (i =1,2,3) which are components of aerodynamic acceleration along the
input axes of the gyros and may be computed from f by the following equation.

a = [M] [C] 1

"3
The acceleration errors caused by gyro drift are computed in the IMU error matrices
section, integrated and stored on tape since they are a function only of the nominal
trajectory. These acceleration errors, Agg, are a function of the aerodynamic accel-
eration, f, and the drift of the gyros ¢, the latter assumed to be small. Under these
conditions

Da, = ¢ xf
where
= +
® T e X1t ey Xyt ey Xy
and
t t
= + +
¢1 elKl esz ft dr €3K3 "ro aldT
(o]
t t
= + dT + K darT
b =K e Ky ) 63 It 29
(o] o
t t
= + T+ K daT
b =g Kyt egKy [ dT+e 3&033
and

the X; are expressed in terms of i, j, k
The acceleration errors due to bias and scale factor accelerometers are resolved along

the input or sensitive axes of the accelerometers. These errors, Aa', may be written
as follows.
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F 10 K@ +e . K a

11 "571

+
Aa' = “12Kq v ez Ky

+
14Ky Y5 Kya,

L -

This vector is resolved along the i, j, k axes giving Aa
T T
= 1
Aa [C]” [M]" Aa
where the superscript T specifies transpose.

The total error in the acceleration measurement is a combination of the errors due to
the gyros and the accelerometers.

The instrument uncertainties, €j, are factored and the uncertainty in the acceleration
measurement, Aa, is

Aa = Aa + Aa
a 2y 2,
i
‘1
€2
Aa = [GlG G G12G22G | :
‘15
where
G;j are (3x3) matrices giving errors in acceleration due tothe ith gyro for a
unit uncertainty in the €'s
and

Gjg are (3x2) matrices giving errors in acceleration due to the ith acceler-
ometer for a unit uncertainty in the e's

The error in the measurement then, which is integrated non-gravitational acceleration
can be written as:

t t t t t t r 7
- €
[ aa = [J; G, at { G, dt jt’ Gy, dt J‘t G dt {Gzzdt E1
(o] (o) (o] (o]

1;0 0 2

t
[ G32dt]
t, i
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2.4 NAVIGATION

It is the function of the navigation system to establish the state of the vehicle where a
part of this state consists of position and velocity. This is accomplished by combining
measurements made by the sensors in an optimal fashion using a Kalman Filter. Re-
dundant measurements are required since the navigation scheme is based on linear
theory and because the measurements are subject to both noise and bias errors.

The output of this block is a best estimate of the state, A;‘k , wWhich represents the
best estimate of the deviation of the actual trajectory from the nominal. Guidance is
generated using this best estimate of the position and velocity.

The following paragraphs outline the development of the Kalman Filter equations.

2.4.1 Non-linear Equations of Motion

The equations of motion of a point mass entering the atmosphere of a spherically
symetric non-rotating planet are presented in this section. The equations can be
written in general form and have the following form.

=g +f (@ 5 U A", AY) 2.4.1

where ¥, I, and r represent the acceleration, velocity, and position respectively of
the spacecraft relative to some inertially fixed, cartesian coordinate system. The
term g (r) contains the gravitational acceleration. Atmospheric effects are described
by f(r, ¥, U, AF). The control term U is p-dimensional. The vector AF and AV have
been included in order to define variables that appear in a system and whose values
are not known precisely. AF is a two dimensional vector whose components represent
constant uncertainties in the aerodynamic coefficients (Cpg and Cyg) of the vehicle.
AV describes the uncertainty in the planetary atmosphere (60,).

The first item that should be observed about 2.4.1 is that it is a second-order vector
differential equation. It is reduced to a system of first-order equations by introducing
the following definitions.

i
e

2-(p

2.4.2

2-'(V

e

E

Equation 2.4.1 can now be written as a system of six, first-order equations
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xV] le&d + 1P, x¥, U, AT, AY

In spherical coordinates equation 2.4.3 has the following form

- ps S DS _vVS
e X i@, x)
X = 2.4.4
z{V:s. gs o_(ps) + is ins, _)gvs’ U, _AF, AV)
where
the addition of the s superscript implies spherical coordinates
and

the vector function gs relates components of position and velocity to the time
derivatives of the components of position.

Using the spherical coordinate system described in Figure 4, the components
of position and velocity are respectively r, o, ¢, V, Y, B. Equation 2.4.4 is presented
below as a function of these components.

~ . B
r V sinY
0 (V/r) cosY cos B
: V cosYsing
¢ - r sing
\ —% - gsiny 2.4.5
. N cos® _l_(l/' _ B )
Y MV r = v/ cosY
B- N sin ¢ + V cosY sinB cos 9
i MV r sin@
where
R\ 2
g = go <_r_> gravitational force
VZS .
D = CD P aerodynamic drag
2
N = CN p YZ—S- aerodynamic lift
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- -
p = (p0 + 6p0)e A'(r - R) atmospheric density
2 4

= 8 .

CD (CD + CD ) + C2a + C4oz drag coefficient
o o
C. = (C +8C_)a + C a3 + C ae5 lift coefficient
N Na Na 3 5 et

and

M is the vehicle mass, « the angle of attack, o the bank angle. R, g,, pq,
B! are input constants. 8Cp, and 8Cpq are the uncertainties in Cp o and
CNgq Wwhich in turn are the components of AF, 8p, is the uncertainty in sea
level atmospheric density, Pos Which is the component of _AV.

2.4.2 Linear Perturbation Equation

Using techniques described in Reference 15, a linear perturbation equation is obtained
from the systems of 6 first order nonlinear equations shown in Equations 2.4.3 or
2.4.4. The linear perturbation equation is

X F®x+F,0)x+E, ) b' +E;(t) c+E (Hu 2.4.6

or

S

8 S S 5+ E° '+ ES + E° 2.4.7
Pl + Fi0 xS+ ES b + ES () e+ ES(u 4.

X

for the cartesian or spherical systems respectively.

Appropriate terms of the spherical set are defined below.

ah® 3h° ]
L. 2xPS 2x"8
i) = | 2.4.8
ogS og®
agSps a2_(vs
0 0
S
FS (1) 2 of of° 2.4.9
| axP® .Skl
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E; 2 of 2.4.10
F
%A
L =
[ o
E; 1) 3 S 2.4.11
247
= 0 1
s A
E )= 2 2.4.12
oU
L -
s A s *s . .
x = X -X where * denotes nominal trajectory value
5C
pr 2 Do 2.4.13
8
CN
A
e = %0 2.4.14
Sba
u 2 2.4.15
b

2.4.3 Linear Difference Equation

The solution to the linear perturbation equation can be expressed as a linear difference
equation relating values of the state at t =t to values at t=t,_;. Inthe cartesian
coordinate system, this equation looks like

B T k-1 -1 Bok-1 R0t O ke Sieen Pl ko1 Beop 24016

in the spherical system the superscript s is appended giving

s _ .8 s

B b' + C C rs

S
= + + .4,
X = Y ke1¥ke1 B k-2 k,k-1=k-1 = 'k, k-13k-1 2.4.17
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where

<1>S é Jt\k S tk S S S

k,k-1 " & (t,t )dt =] [F ®) + F (t)] & (t,t ) dt
t k-1 t 1 2 k-1
k-1 k-1
t t .

Ak , ko |r|

¥ k1= j; LBt ) dt = ft et )t

k-1 k-1 P

t
S k S s
By k-1 L;k_l & (.t E () dt

>

) dt

Q
]
np>
&

S
8 (6.0 E ) Bt

] g

k
1) &t ,tH) E (t)dt
e, K74

S S ] s
i B T
Matrices q’k,k—l’ e, k-1" Ck,k—l’ k, k-1
Because the navigation equations are to be calculated in the cartesian coordinate sys-
tem, matrices satisfying equation 12 must be evaluated. This is accomplished by using

are evaluated along the nominal trajectory.

the matrix transformation Ag defined in paragraph and the @ﬁ ko1’ Bli o1’
s s . . - . ’ ’
Ck,k—l’ Pk,k—l just described. This is accomplished as shown below.

-1
Premultiply equation 2.4.17 by A 6 (tk)

S
Replace X1 by A 6 (tk_l) X1
_ -1 s| _ -1 s -1 s ,
X [Ae ®) Ek] B [Ae ) &y k-1 %6 (tk-l)] K1 ¥ [Ae (t‘k)Bk,k—ll b

-1 -1 ]
+ r 2.4.18
[Ae ®) Ck,k—l] Cr1t [As ) k,k-l] Yg-1
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Equation 2.4.18 is identical to equation 2. 4. 16 if the following substitutions are made,

_.-1 s

k-1 T A G 1Ay
_ .-1 8

Brk-1 T A ) By g
_ .1 s

Chk-1 = A &) Cp g

r = al¢)rT

k,k-1 6 M Tk, k-1

2.4.4 Treatment of Measurements

Navigation is accomplished by comparing the difference between measurements made
with electromagnetic sensors on the actual trajectory, Y (t), and the nominal trajectory,
Y* (t), with the difference in these measurements predicted on the basis of linear
theory. The comparison is degraded by the addition of noise and instrument bias errors
to the measurements. This results in the measurement having the form

z, =Y -Yr+b+y 2.4.19
where
b = constant instrument bias errors
v, = white noise sequence

when the bias error is in the measurement. In some cases the bias error is in the
location or function of the instrument requiring the use of a transformation, Hp
relating the bias errors to measurement errors. In this case the measurement has
the form

z 2.4.20

*
= - +
Ze T Y - Y tHgb+ v

-k

In the re-entry program, state-related measurements are made with the electro-
magnetic sensors. The linear model of these measurements has the form

szHk-}Ek-*.H'bh 2.4.21
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where

np>

He

[?-9—] 2.4, 22
if
Y@ =h X 2.4.23

The IMU makes acceleration - related measurements. The linear model of this
measurement, §k’ is outlined below.

= 1
S T Tk FH T I G Ikt O
where
b
2’k T atk-1 Tle1, Y Itk_l Fa () 2t dt

2k 2 k-1 ak-1 ‘I,(tk—l’ tk) Bk, k-1

LA *
F, (t) &(t,n E_ (1)dr dt + E_(t) dt
tk 1 2 t 2

k-1

39k T a%k-1 7 a%k-1 %1 O k-1 o® ko1, W

t t

k
+ ftk-l F, (1 jtk (D E () &(rt)drdt +

he
+ Itk-l E () & (t.t) dt

_ b
Yo T T Bt Tt ) jk 1E (t) dt
e t
j F, (1 J‘ &(t,7) G(1drdt

f-1 2
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= +
Iy 1 7 Ve %q

Since the J matrices are functions of Fj, F2, & etc which are more easily expressed
in spherical coordinates, the J's are evaluated first in spherical coordinates and
transformed to cartesian in an analogous fashion to the B, C, I' etc of the previous
section.

2.4.5 Optimal Linear Estimation (Kalman Filter)

The measurements are contaminated by noise. The adverse effect of this noise can be
mitigated if redundant measurements are made and combined in an optimal fashion.
This is done in the Kalman filter.

The estimate of the state at ti is computed as a linear combination of the estimate
X (tk_ 1) and the measurements z (tk).

X(h) =@t ) X ) + K@) (26 - H) ¢t ) xE)]

The gain matrix K(t;) is chosen to minimize the expected value of the sum of the
squares of the error in the estimate.

n
T 2
E{x() - xt01” (2 -xE1F= ) 6 - x, ()
i=1
It is found to be

T T -1
Kt) = P't) B (h) (HE) P'(t) H (t) + Rt))]

. _ T
Pt)= 8.4 ) Pl ) & (6 )
Ph) = [1-K(t) Ht)] P (1-K(6) Hel® +Ke) Rt K )

R k) is the covariance of the noise in the measurements at tk.
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2.5 GUIDANCE

It is the function of the guidance system to determine the control action that is required
to satisfy prespecified trajectory constraints. In this instance, the angle of attack and
roll angle must be chosen so that the deceleration of the spacecraft does not exceed
certain limits during the flight and must also cause terminal constraints on the position
and velocity to be satisfied.

The guidance problem is posed in terms of determining the perturbed control, u cr at
time t = tc. The actual trajectory contains certain stochastic effects. For this

reason, it is more practical to minimize the deviation in some sense and only require
that the vehicle be in the neighborhood of the target. This aspect is further emphasized
because terminal control laws generally tend to become unstable as the terminal time
is approached and some rather violent maneuvers could be commanded.

The control policy used in the re-entry trajectory program is called Lambda Matrix
Control. It operates by choosing the perturbed control, u,, as a function of the meas-
urement data so that the expected value of the performance index

2.5.1

N
T T U
= +
VN 2 @iW:(Ei 4, 0 W 49
i=1

is minimized. The non-negative definite, symmetric matrices WX and WiPI are
arbitrary and can be selected to limit the amount of control and/or state perturbation
along the trajectory.

The control perturbation is determined from the estimate X The control is

K’

e = M Bk b 2.5.2
The control matrix Ak +1 that results from the minimization of 2. 5.1 is-
Mew1 = <I‘1T+1,k Merr Tiern i wlg-l)_]Tl’il,knl‘(-bl 2.5.3
By = Ql'f+2,k+1nk+z§k+2,k.,.l + Wf;_l 2.5.4
Merr = Merr ™ Mearbirn, ke 2.5.5
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The similarity between the control equations and the Kalman filter equations has been
referred to as a "Duality Principle. "

The matrix I\, ; is the dual of the error covariance matrix Py for an N-stage control
policy. It provides one of the important measures of the behavior of the control system,
However, the primary consideration of the evaluation of the linear guidance law resides
in its ability to satisfactorily meet the original constraints imposed upon the trajectory
in the specification of the mission. Since the deviation from the nominal is the basic
criterion for evaluating the performance of the guidance system, the covariance of this
deviation is computed from

Dt T
Vi & EBlxx ]

T
= - A - -
b, k-1 l“k, k1% Memg ™ P T =T 1M

T T

k-1 B ko1 o1 ko1 T Ut 2.5.6

Thus, the Pk and M, provide the basic statistical measures of the performance of the
‘ navigation and guidance systems.
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3.0 COMPUTER PROGRAM DESCRIPTION

3.1 INTRODUCTORY AND EXPILANATORY REMARKS

Flow charts provide the basic framework around which the discussion which follows is
constructed. These diagrams serve to indicate the logical flow connecting different
functional blocks. As mentioned previously, these flow charts coupled with the identi-
fication of the subroutine to the block number contained in the Operator and Program-
mers Guide may be used in conjunction with the program listing to describe this
program to its smallest detail.

3.1.1 Schema for Flow Chart Presentation

As has already been stated, the flow charts are arranged according to "levels. " In
the resulting hierarchy, the Level I flow chart provides the most general description
since it depicts the overall program. Each functional block is further described by
lower level flow charts. These charts indicate the logical flow within the block and
describe the input and output requirements of the block. The equations used to obtain
the desired outputs are presented as a supplement to the lowest level flow chart. The
number of levels that are required depends upon the logical complexity of the func-
tional block.

LEVEL I: This flow chart is designed to provide a very general description of the en-
tire program. The titles assigned to the functional blocks are intended to be sugges-
tive of the nature of the role to be performed within the block. Those functions that
are to be performed in the basic computational cycle are designated by Roman num-
erals. Arabic symbols are used for functions that occur only once or play a passive
role.

In a less complex program the input and output quantities required by the program
could be described on this flow chart. However, this approach proved to be imprac-
ticable for this program so these requirements are described in the appropriately
named functional blocks.

To indicate the basic logical decisions that can regulate and alter the flow between
functional blocks, decision blocks are indicated. These decisions represent in a gen-
eral manner the types of decisions that are required. The actual decision logic is
described in the Level II flow charts of the functional blocks immediately preceding
the decision block.

LEVEL II: The Level II flow charts provide the first concrete description of the pro-
gram. Only the most important logical flow within each functional block is indicated
on these diagrams. The quantities that are required for all logical and computational
operations within this block are stated on this chart. These quantities are differenti-
ated as being either INPUT (i.e., values provided initially by the engineer) or
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COMPUTED (i.e., values determined in other portions of the program). The quantities
that are required in other parts of the program, either for print-out or for computa-
tions, are also indicated on this flow chart. The functional blocks that appear on these
diagrams are denoted by two symbols (e.g., II. 1 when discussing the "first" block in
the Level II flow chart of functional block II) and a name. The names have been selec-
ted to provide some insight into the nature of the block.

LEVEL I (and below): These diagrams provide additional details of the logical flow
within the functional blocks depicted at Level II. These flow diagrams are augmented
by the equations programmed into the computer. The input and output requirements

of these blocks are stated on the diagrams. All of these quantities are summarized on
the Level II flow chart.

3.1.2 Definition of Flow Chart Symbols

The following symbols represent the only ones that are used in the flow charts pre-
sented below.

Set of operations that is to be described
—_— & further by additional flow charts or by
equations

Logical decision

Operations that are predefined (i.e.,
in some other document)

_ Operations that are completely defined by
the statements contained within the box
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-
O

S mago——- —

Connector used on Level II flow charts to
indicate entry source and exit destination

Connector used on Level III flow charts

Summary of all quantities required in
computations of flow charts on which
this symbol appears or, alternatively,
summary of all quantities computed in
this flow chart which are required in
other operations

This broad arrow appears on Level I
and Level II flow charts. It is used
to indicate information flow from one
block to another. This symbol has
been introduced to emphasize that
many quantities are transmitted
between the functional blocks in the
higher level charts.
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3.1.3 Definition of Mathematical Symbols

Subscripts

Xo X is evaluated at t = to (initial time)
Xc X is evaluated at t = tc (control time)
XG X is evaluated at t = tG (nominal control time)
Xk X is evaluated at t = tk (actual observation time)
Xp X is evaluated at t = tp (minimum observation time)
XP X is evaluated at t = tP (print time)
th
iX i refers to the i~ sensor
1 ground tracker #1
2 ground tracker #2
3 ground tracker #3
i =4 horizon sensor
6 radio altimeter
7 inertial measurement unit
The x, y, or z component of X
X,y, Orz
Supercripts
s Computed in spherical coordinates
Notation
X X is a vector
X* The nominal value of X
T
X The transpose of X
-1
X _ The inverse of X
X (ixj) X is a matrix consisting of i rows and j columns
Data A designation of the "level™ of the output data. When Rank 1 output is
Rank called for, all data having that rank is output. When Rank 2 is output is

called for, both Rank 1 and Rank 2 data is output.
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The symbols used in the subsequent flow charts and equations are defined below. These
symbols appear in three groups: flags, Roman letter symbols, and Greek letter symbols.
The dimensions are given in parenthesis following the definition. M denotes a dimen-
sion of mass, L a dimension of length, and T a dimension of time. If no designationis
given, the quantity is unitless, and an R indicates an angular measure in radians. The
dimensions ofithe diagonal elements of input Matrices are specified. The dimensions
of the off-diagonal elements can be deduced from these.

FLAGS

BSFG (input quantity) Bias Error Flag. Indicates that constant random errors
are included in the model of the observation process. This flag does not
effect the IMU model in any way.

BSFG 0, nc.> bias errors
1, bias errors

DIMFG This flag consists of two numbers, m and n, which specify the dimensions
of the observation matrix, AH, the augmented state vector, AZXks etc. Its
value is determined in the initialization of the navigation block as a func-
tion of the instrument and bias flags.

HSFG (input quantity) Horizon Sensor Flag. On of four instrument flags which
specifies whether or not the instrument is to be used as a source of
measurement data.

HSFG = 0, no hOI’lZ.OIl sensor
1, use horizon sensor

IMFG (Input quantity) Inertial Measurement Unit Flag. One of four instrument
flags which specifies whether or not the instrument is to be used as a
source of measurement data.

0, no IMU
IMFG = 1, use IMU
RAFG (input quantity) Radio Altimeter Flag. One of four instrument flags

which specifies whether or not the instrument is to be used as a source of
measurement data.

0, no radio altimeter

RAFG = 1, use radio altimeter
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TRACC (Input quantity) Constant altitude control flag. This flag specifies the
manner in which the program switches to constant altitude control
(phases 2 and 6)

0 - program switches to constant altitude control when r = 0
1 - program switches to constant altitude control when
r<C g andr>C Ng R
apc o vpe o

where Capc and C,. are input quantities. The program will
always switch to constant altitude control onr = 0 if r = 0 before

TRBAK End of run flag. This flag is set by the program to determine the point
at which a run is to be terminated.
TRCR1 A group of four flags used in the nominal trajectory block. They are
TRCR2 used to specify which of four times (NEXTT{) has the minimum value.
TRCR3 When TRCRi = 1, then NEXTTI is the minimum of the four values although
TRCR4 all four or a lesser number may be minimum simultaneously.
TRFG (input quantity) Ground Tracker Flag. One of four instrument flags
which specifies whether or not the instrument is to be used as a source of
measurement.

0, no ground tracking

1, one ground tracker

2, two ground trackers
3, three ground trackers

TRFG =

TRGLM (input quantity) Guidance Law Flag. This flag determines whether a new
tape will be generated by the Guidance Law Matrix Block.

_ 0, no new tape
TRGLM = 1, make new tape

TRGUID (Input quantity) Nominal Control Flag. This flag specifies whether a new

roll angle comand, @, is to be computed in the nominal trajectory block.

0, no new command

TRGUID 1, compute new cpc
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TRIMU (input quantity) IMU Tape Flag. This flag determines whether a new tape
will be generated by the IMU error block

0, no new tape
U =
TRIM 1, make new tape

TRINP (input quantity) Coordinate system type flag.

0 - initial position and velocity are input in spherical components
A .
(ro’ o’ p’o! Vo’ Yo’ Ao)
1 - initial position and velocity are input in cartesian components
(X ’ Y ’ Z ’ X ’ Y ’ Z ).
o0 "o o o "o o

TRNIB (input quantity) Instrument Bias Error Flag. If TRNIB =0, the bias
errors are input. If TRNIB = 1, the bias errors are computed with a
noise generator and the {Bg (i =1,2,3,4,6,7) matrices as covariances.

TRNIC (input quantity) Initial Condition Flag. This flag specifies whether
gaussian noise or input quantities are to be added to the nominal initial
conditions for use as initial conditions in the Actual Trajectory Block.

0, input data

TRNIC = 1, add noise
TRNOM (input quantity) Run Start Flag. This flag specifies where the run is to be
commenced.
1, Start at Block I,
2, Start at Block III. Either or both TRGLM and
TRIMU =1

3, Start at Block IV

4, Start at tape edit, routine
TROMG (input quantity) Strapdown System Flag. This flag indicates whether the

IMU is a strapdown or an inertial platform system.

0, inertial platform

TROMG = 1, strapdown system

This flag is required whenever a new IMU tape is to be generated.

TROPGN (input quantity) Time-varying gains computation flag. The control gains
used in the constant altitude phases are computed as a function of time if
this flag is set.

0 - input gains as constants (Kll,Klz, Kzl’ K22)

1 - compute gains as a function of time. Input damping ratio
(Cl, §2) and oscillation period (7> Ty)
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TRPHSE (input quantity) Mission phase flag. The value of this flag corresponds

to the phase of the nominal trajectory that the vehicle is currently in.
This is an input quantity and the program may be started in any phase.

1 - first supercircular velocity phase

2 - first constant altitude phase

3 - skipout control phase

4 - free-fall phase

5 - second supercircular velocity phase

6 ~ second constant altitude phase

7 - subcircular velocity phase

TRPNT Print Flag. This flag specifies if data should be stored during the cur-
rent iteration.

0, do not store
TRPNT = 1, store Rank 1 data on tape 1
2, store Rank 2 data on tape 1

TRSBCL (input quantity) Start subcircular velocity phase (7).

0 - if the program is presently in phase 6, then phase 7 will start
whenr<0and | ¢ | <10-2

1 - if the program is in phase 6, then phase 7 will startwhen V = VIN
TRSKIN Skip integration flag. This flag is used in the program to avoid the
possibility of integrating "backwards"

TRSTP (input quantity) Run Stop Flag. This flag specifies where the run is to
be ended.

1, stop after completing nominal trajectory

2, stop after completing Guidance Law and IMU
Error Matrices

3, stop after completing performance assessment runs
and the tape edit
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g Navigation Flag. When OQ is zero at to the Navigation Block is not used.
o Instrument Flag. C refers to the ith instrument.

ground tracker #1
ground tracker #2
ground tracker #3
horizon sensor
radio altimeter
IMU

N O W N

at each tk, when iC is zero, the ith instrument is not used.

Constants and Variables

a Vehicular acceleration. This vector has components X, Y, Z along the
i, i, kaxes, respectively. (LT-2)

a Magnitude of a. (LT-2)

a' Aerodynamic acceleration of vehicle in Earth g's.

a, Semi-major axes of atwo~body conic trajectory calculated in phase 4. (L)
Ao (input quantity) Initial azimutﬁ of vehicle (part of initial velocity input).

Used only when TRINP =0. (R)

A 9 ?;‘th(;:}ornﬁal) matriiotii:sifo?mﬁtion r(;a.lating the body axes at t = to
P Yuo Bo)y to i, j, k coordinate system.

A 3 Orthonormal matr'ix transformatifm' c?efining the reference body axis
(1310, XAO’ _ROO) in terms of the initial body axes (EI, XA’ BO)t - to.

A 4 Orthonormal matrix tragsf_ormation 'relating the reference body axes
@Io’ XAo’ B’OO) to the i, j, k coordinate system.

A 5 Orthonormal matrix transformation relating an initial local coordinate
system (—it’it’ 1_<t) to the i, j, k coordinate system.

A 6 A (6x6) matrix defining the transformation which relates incremental

quantities in the spherical coordinate system (r,8, ¢, V, Y,B) in whichthe
state transition matrix is computed to incremental quantities in the
cartesian coordinate system in which the equations of motion are
integrated.
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(input quantitiies, i =1,2,3, j = O 1,2,3) Range rate variance contants

where o B' a +a 1+ b " 0+ 2, A+po)% + 2 @ by

(input quantities, i =1,2,3, j =0,1,2) Range variance constants where

2 Df 2 4
* — +
3= PotiP1 1P *P2if

(input quantity) The vector whose components are bias errors in the
measurement data. The number of components is a function of the aiding
instruments used and the BSFG flag. These quantities are input if

TRNIB = 0 or computed using a noise generator if TRNIB =1, (The dimen-
sions of the components are specified under the definitions of the sub-
vectors igl_, (@ & )

(input quantity, i =1,2,3,4,6) Diagonality flag for iBo (or By for
i=1,2,3). Value of zero indicates that B, is a diagonal matrix.

(input quantity, i =1,2,3) Diagonality flag for {By,. Value of zero
indicates that By, is diagonal matrix,

(input quantity, j =1,2,3,4) Diagonality flag for 7Bgj. Value of zero
indicates that 7Bg; is a diagonal matrix.

(input quantity, i = 1,2,3) Covariance of bias errors in tracker # i. This
(7x7) matrix can be partitioned into the form
B 0
B = il
io

0 iBL

where ;By is (3x3) and represents the covariance matrix of tracker
location uncertainty. Elements of lBI are ordered jxr, YT 12T
(i.e., the components of the position vector to the tracker at t = to)-
1B1, 18 (4x4) and represents the covariance matrix of bias errors in
the tracker measurements. {Br, are ordered in terms of ztp, ép, i‘#,
in. (Dimensions of the diagonal elements are L2, L2, L

L2T-2, R2, R2.)
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B (input quantity) Covariance of the bias errors in horizon sensor. This
is a (3x3) symmetric matrix. The elements of 4Bg are ordered in terms
of a,8,8H (Dimensions of diagonal elements are (R2, R2, R2)

B Covariance of bias error in space sextant.

(input quantity) Covariance of bias errors in the radio altimeter. This
is a (2x2) symmetric matrix whose elements are ordered in terms of
rand r. (Dimensions of diagonal elements are L2, L2T-2)

B (input quantity) Covariance of bias errors in the IMU. This (15x15)
symmetric matrix is partitioned into the form

-
7BG1 0 0 0

0 0 0

7BG2

0 0 0

7BG3
B
0 0 0 7 G4

where 7BGj (3 =1,2,3) are (3x3) symmetric matrices representing the
covariance of the bias errors in gyro 1,2,3, respectively. 7BG4 is a
(6x6) symmetric matrix representing the covariance of the bias errors
in the three acceleromaters. (Depends on K{ i=1,2,... 5. See User's
Guide)

Bk k-1 Constant parameter perturbation matrix. Relates constant random errors
’ in lift and drag coefficients to the perturbation state vector. Bk k-1 is
a (6x2) matrix. e

Capc (input quantity) A quantity used to form Ipe (Fpe = Cape go) which is
compared to radial acceleration. Used only if TRACC = 1. If pe2 T
then a test is made onr to see if the program should switch from phase 1
to 2 or from phase 5 to phase 6. If Ipe < I, the program will switch to
phases 2 or 6 when r =0.

CV o (input quantity) A quantity used to form Ipc (Ppe = Cype VEo R) used
P only if TRACC =1. If¥pc 2 ¥ and Ipc< T, then the program switches
to phases 2 or 6.

C Drag force (D) coefficient as a function of @ (angle of attack)
= + v2 4.
(CD CDo C za + C 4a )
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(input quantities) Coefficients of Cp. In the nominal trajectory block
CDo = Cpo*. In the actual trajectory Cpo = CDo* + 8Cpyo.-

Normal force (N) coefficient as a function of & (angle of attack)
= 3 5).
(CN CNaa+ C3a + Csa )

(input quantities) Coefficients of CN. In the nominal trajectory block
CNa = CNg*. In the actual trajectory CNg = CNo* + 6CNq-

(input quantity) A constant used to calculate vehicle radiative heating
(a)- C, =C,, when (V/Ng 1) <1.73. (M L-1-q1 Tq1-3),

(input quantity) A constant used to calculate vehicle radiative heating
(a,). C_=C,, when (V/Ng 172 1.73. (M L-1-q2-3),

A constant used to calculate radiative vehicle heating (q,). For velocity
dependence and units see Ce 1 and Ce 9

(input quantity) A constant used to calculate stagnation point convective
heating rate, qc. Its value depends on the planetary atmosphere and
the type of boundary layer flow.

1/2 -3

™M LYeT /2

; e.g., English units - BTU ftn3 sec_l)

Variable parameter perturbation matrix. Relates atmospheric density
error to perturbation state vector. Ck k-1

is (6x1) matrix.

(input quantity) A (6x1) vector used to offset the nominal terminal state.
(L, L, L, LT-1, LT-1, LT-]

(input quantity, i =1,2,3, j =1,2,..., 10) Covariance matrix constant;
multiplies computed covariance matrix of ith ground tracker. As many
as 10 of these can be input as a tabular function of time.

A (3x3) matrix defining the initial orientation of the body axes (Ppq,
YAos Rgo) With respect to the inertial reference system. This is used
only in the IMU error section.

Constants used to generate a commanded roll angle in the constant
altitude control phase (2 and 6). MT-1, T-1)

(input quantity, i =1,2,3) These are (7x1) vectors which describe the
constant random bias error associated with ground trackers. They are
subvectors of b. If TRNIB = 1, these values are obtained from a noise
generator. If TRNIB = 0, they are input directly (L, L, L, L, LT“l, R,R).
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Drag force. The aerodynamic force in the direction of negative velocity
(i, i,k coordinates). (M L T-2)

Magnitude of drag force. (M L T-2)

Eccentricity of elliptical path in free-fall phase (4).

(input quantities, i =0,1,2,3,4) Coefficients of fourth order poly-
nominal in a' defining the maximum time a pilot can remain usefully
conscious.

Integral of the ratio of the time a pilot spent at various acceleration
levels to his maximum time of useful consciousness at those levels.

When En > 1, the pilot has exceeded this tolerance level.

Reciprical of time interval that a pilot can remain usefully conscious
at a particular acceleration level. (T-1

Aerodynamic acceleration vector of the vehicle (i, J » k coordinates).
(LT-2

Magnitude of aerodynamic acceleration of the vehicle (LT-z)
(1=0,1,2) Constants defining the desired roll angle during the skipout
control phases (3 and 3 modified). (The dimensions of Fg. F1, F2 are

none, T-1, T-2 respectively.)

(input quantities, i =0,1,2) F; has these values during t3<t < t:'3
(phase 3). (unitless, T-1, T‘é)

(input quantities, i =0,1,2) F;j has these values during t'3<t<'ty
(phase 3 modified). (unitless, T-1, T-2)

Vehicular acceleration due to graviational attraction of the re-entry
planet (g =g, (R/1)%). (LT-2)

(input quantity) Sea level gravitational acceleration of earth. (LT-2)

(input quantity) Sea level gravitational acceleration of re-entry planet.
(LT-2)

(input quantity) Limit on aerodynamic deceleration of the vehicle in

earth g's. If this limit is exceeded during the actual trajectory run is
terminated.
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I(X)

[~

,j_s_ls

A (3x15) matrix whose elements are velocity errors corresponding to
those caused by bias errors in the IMU. (LT-1, LT-1, LT-1)

Altitude above surface of re-entry planet (planet assumed to be
spherical). (L)

(input quantity) Input constant used to specify the covariance of noise
on the atmospheric density perturbation (L)

(input quantity) Correlation altitude. Used in the calculation of the
variance of the perturbation to atmospheric density. (L)

(i=1,2,3,4,6,7) Observation matrix for ith aiding instrument.

A functional notation meaning the integer part of X.

An irrotational right-handed coordinate system of unit vectors. i and
J are in the equatorial plane and k is along the polar axis. i is oriented
so that the i k plane is the zero longitude meridian. Integration is
performed in this cartesian coordinate system.

State vector observation matrix for IMU.

Constant parameter observation matrix for IMU.

Variable parameter observation matrix for IMU.

(input quantity) Used in the calculation of radiative vehicle heating.
Constant altitude guidance gains. Used to generate a commanded roll
angle such that the vehicle will remain at a constant altitude during
phases 2 and +. (L-1T, L-1

Used to make the commanded roll angle have a transient value of ™

at the beginning of phases 2 and 6. If K3 > 10, the transient is not
applied. (T-1)

K 1 1,K 12,K 13 (input quantities) Kl’ KZ’ and K3have these values in phase 2.

K21’K22’ K23

3-14
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(i=1,2,3,4,5) Scaling constants for IMU error sources. They consist,
in the given order, of constant gyro readout error, random gyro drift,
acceleration dependent drift, acceleration bias, and acceleration scale
factor.

i=1,2,3,4,6,7) The optimal gain matrix used during sequential
processing.

The augmented optimal gain matrix.

(input quantity) Pseudo autopilot gain. Ky times the difference between
the commanded roll angle and the present roll angle is the angular rate
at which the vehicle will roll (up to a limit - see By). (T~

(input quantities, i =0,1,2,3) These constants are used to calculate
the variance of dpg at t = tp in the actual trajectory block in such a
fashion that the uncertainty in the atmospheric model may be expressed
as a function of altitude. (ML™4T, (ML-4T, ML-5T, L-1

(input quantity) Mass of the vehicle. The mass is assumed constant
throughout re-entry ignoring ablation effects. (M)

(input quantity) An exponent used in the calculation of convective heating
rate (qc) at the stagnation point. For laminar flow m = 3 corresponding
to a gas with viscosity proportional to the squarz root of temperature.

(input quantity) Diagonality of M. Value of zero indicates that M is
diagaonal.

(input quantity) Covariance of perturbation state vector. This is used
to generate the deviation of the actual trajectory from the nominal at
time t =ty if TRNIC = 1. (6x6). (Dimensions of the diagonal elements
are 12, L2, L2, L2T-2, L2T-2, 1L.2T-2)

Covariance of perturbation state vector. (6x6) matrix associated with
ZEkee

Covariance of augmented perturbation state vector. (9x9) matrix
associated with A%

(3x3) matrix defining orientation of instrument package X1, Y1, Z1)
relative to initial pitch, yaw, roll axes.
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n (input quantity) An exponent used in the calculation of convective heating
rate (q,) at the stagnation point. Laminar flow is described by n=1/2,

N Normal aerodynamic force. The aerodynamic force on the vehicle
which is normal to the drag force (D). The orientation of this vector
(i, ], k coordinates) is determined by the roll angle (). (MLT-2)

N Magnitude of N (normal aerodynamic force). (MLT-2)

NSP A program flag set to print the appropriate special condition number
when the program stops on a special condition. See the User's Guide
for a description of special condition program halts.

NEXTTI1 A set (i =1,2,3,4) of program variables which are set equal to various
significant program times.

NEXTT1 = next time at which nominal control will be calculated

NEXTT2 = next time at which a printout is called for

NEXTT3 = next time at which a phase change will occur

NEXTT4 = time at which a special condition has been
encountered unless NEXTT4 = TEND

p Semi-latus rectum of elliptical path of vehicle in free-fall phase (4).
(L)

pH (input quantity) An exponent used to calculate radiative vehicle heating.

P Unit vector in direction of the pericenter (i, Js k coordinates).

131,1( A’—R o Orthonormal right-handed set of unit vectors along the pitch, yaw, and
roll axes, respectively.

EIO’X Ao’—R Oo :{if:rir:;zsfsz bodz :xes; aThezse(z) are not the same as BI’X A’ R o at

o 10 "20 "3
Pk Covariance of the error in the estimate of the perturbation state vector
at time t =t;. (6x6) matrix associated with x.
aFk Covariance in estimate a}-{k of a’-‘k . (9x9)
P! r X! ',

aP'k Covariance in estimate 2%k of a’fk (9x9)
P ~

APy Covariance in estimate A%k of A% (nxn)
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Covariance of errors in the estimate of the perturbation state vector

X ,attimet = to. (6x6) In the initialization block P0 is setequalto MO.
(input quantity) Covariance of the error in the estimate of the augmented
perturbation state vector at t =t,. (9x9) matrix associated with

X
P0 may be partitioned as shown below. a-o

a
[p o 0
(o]
P = 0 P 0
ao 1l o
P
_0 0 2, |

(input quantity) Covariance in bias errors in the drag coefficients at
time t =t,. (2x2) The elements are ordered in terms of GCDO and
8C,. .

No

(input quantity) Diagonality of

Value of zero indicates that Po is
a diagonal matrix.

P.
1o 1

(input quantity) Covariance in bias errors in the sea level density
coefficient at time t =t5. (1x1) A diagonality index is not required for
a scalar. (M2L-6)

(input quantity) Covariance in bias errors in the control system noise.
This matrix consists of all zeros. (3x3)

(input quantity) An exponent used to calculate radiative vehicle heating
(@) q= q, when (V/~/gr) < 1.73.

(input quantity) An exponent used to calculate radiative vehicle heating
Q). a=gq, when (V/~gr)= 1.73.

An exponent used to calculate radiative vehicle heating (dp). For velocity
dependence see 9, and d,-

Convective heating rate per unit area at the stagnation point. (M T_3)
Radiative heating rate per unit area at the stagnation point. (M T—3)

Total heating rate per unit area at the stagnation point (q + qr)°
M T-3) ¢
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The time integral of the total vehicle heating rate per unit area at the
stagnation point (qg). QHis proportional to the total heat absorbed by
the vehicle. (M T-2)

(input quantity) A (3x3) convariance matrix which may be partitioned
into the (2x2) covariance matrix of noise on the control variables, 19>
and the (1x1) covariance matrix of noise in the atmospheric density
model 2Q, as shown below.

(input quantity) A (2x2) symmetric submatrix of Q representing the
covariance of errors in the control variables 6 @ and 8p respectively.
This matrix is input with time as the argument in a table with 10 entries.

(input quantity) Diagonality of Q. Value of zero indicates that 1Q is
diagonal.

A (1x1) submatrix of Q which is computed at t = tp in the actual
trajectory block.

Current position vector of vehicle (i, J,k coordinates). (L)

Current position vector of vehicle in an initial coordinate system set up
at t =t0, Qt’ __]_t, l_gc coordinates). (L)

(input quantity) Initial (t =t,) radial distance of vehicle from center of
re-entry planet. When TRINP =0, r, is input as part of the initial
position coordinates. (L)

Current position vector of vehicle (i, j, k coordinates). (L)
it .
Magnitude of La. (L)

(input quantity) Radial distance of the vehicle from the center of the
re-entry planet at the beginning of phases 2 or 6. This quantity must be
input only if the program is started in phases 2 or 6. (L)

(input quantity) If ry (apocenter distance) > ry,, in phase 4, the run will
end. For earth re-entry, this value would probably be set equal to the
radial distance of the lowest Van Allen radiation belt from the center of
the earth. (L)




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %>

Pericenter distance of the vacuum trajectory defined by position and
velocity at the beginning phases 1 and 5. (L)

(input quantity) Radial distance of vehicle from the center of the re-
entry planet defining the beginning and end of phase 4. (L)

Current value of radial speed of vehicle. (LT-l)

Used to test radial velocity for switching to phases 2 or 6 if TRACC = 1.
The value of I'pc is determined by the input quantity Cypc (Tpe = Cvpc

Vg, R). (LT-1

(input quantities) Initial position. Used only when TRINP = 0 and con-
stitutes the initial position of the vehicle in spherical coordinates where
ro, )‘o’ ko refer, respectively, to radial distance, latitude, and longitude.
(L, R, R)

(i=1,2,3) Spherical components of ith tracker position. They are in
turn radial distance to center of planet, longitude, and latitude.

Current valuesof r ,A , p . (L, R, R)
o o "o
(input quantity) Sea level radius of re-entry planet. (L)

(input quantity) Radius of curvature of the vehicle at the heat stagnation
point. (L)

SeeP, Y, ,R andP_ ,Y , R

=1 3A’ 20 10’ 2A0’ 200’ respectively.

(input quantity, i =1,2,3) Diagonality flag for iRk'

0, iRk is diagonal
R =
ro 1, .R _is nondiagonal
ik
(input quantities, i =1,2,3) Covariance matrix of noise in ground
trackers.
0'2 g (0} g
ip p.pP oY p.M
i i ii ili
Df 2
iRk - Symmetric oi‘i' oi‘i’ in
2
g
- in |
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2 2 X
Ojp and Ojp are calculated using iaj, jb, and ibj- The remainder of the
elements are input directly. (The dimensions of the diagonal elements
are L2, L2T-2, R2, R2)

(input quantity) Diagonality flag for 4Ry.
4R - 0 4Rk is diagonal
° 1, 4Rk is nondiagonal
(input quantity) Covariance of noise in horizon sensor measurements.
This is a (3x3) matrix of which 6 elements are input as a tabulated
function of time and 25 entries are possible. First 3 elements are
diagonal elements. Ordered in terms of «, 6, gH,

(input quantity) Diagonality flag for 6Rk'
I 0, 6Rk is diagonal

6 k

1 is nondiagonal

’ 6Rk
(input quantity) Covariance of noise in radio altimeter measurements.
This is a (2x2) matrix of which 3 elements are input as a tabulated func-
tion of time. First 2 elements are diagonal elements. Ordered in terms
of h, h. (The dimensions of the diagonal elements are L2, L2T-2)

(input quantity) Diagonality flag for 7Rk

I 0, 7Rk is diagonal

7Tk .
1, 7Rk is nondiagonal

(input quantity) Covariance of noise in the IMU measurement. This is a
(3x3) matrix of which 6 elements are input as a tabulated function of
time. (The dimensions of the diagonal elements are L2T-2, 12T-2,
L2T-2)

(input quantity) Aerodynamic area. The cross sectional aerodynamic
area of the vehicle used to compute the aerodynamic forces.

Current value of time (used in equations). (T)
Current value of time (used in computer). (T)

Value of time at the next cycle through the dynamic blocks. (T)
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(G =G, p, k, ¢, P, W) These are sets of time prints calculated within
the program by means of the input Tj and Aty (j =G,p,k,c,P). The
functions described below are accomplished at these times

tG — nominal control is calculated.

t = possible observation time. Linear system matrices are

P evaluated and stored on tape at these time points

tk — actual observation time point. Observations with aiding
instruments are made and navigation is performed.

tc — guidance time. Perturbative control quantities are com-

puted at these time points.

tP — save data time. Data is stored on the output tape during
the performance assessment part of the program at these
times.

tw output print time. The tape edit routine prints the output

at these times.

These time points form sets (S () A set of tj times) which must bear
the following relation to each other.

S(te) £ 8 (t) < S (tp) < S (tg)

S¢t,) <S(t) < S(tg

( =G,p,k,c,P,W) (input quantities, i =1,2, ..., 10) These are times
defining the limits over which an interval of Atjj is used to specify the
tj time points defined above. The t; times in the region Tji-1= <
Tjj are equally spaced with an interval of Aty starting at Tj; and pro-
ceeding backwards in time. The Tji must be integer multiples of

Atji. In addition to the above the tg and tp times occur at t = t; and
phase changes.

and

(input quantity) Initial time. Value of time at which program begins.
(T)

Time at which the first supercircular phase beings (phase 1). (T)
Time at which the first supercircular phase ends and the first constant

altitude phase (phase 2) begins. (T)
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t3 (input quantity) Time at which the first constant altitude phase ends
and the first skipout control phase (phase 3) begins. (T)

t'3 (input quantity) Time at which the first skipout control phase ends and
the second skipout control phase (phase 3 modified) begins. (T)

t 4 Time at which skipout control ends and the free-fall phase (phase 4)
begins. (T)

’c5 Time at which the free-fall phase ends and the second supercircular
phase (phase 5) begins. (T)

t 6 Time at which the second supercircular phase ends and the second
constant altitude control phase (phase 6) begins. (T)

t7 Time at which the second constant altitude phase ends and the sub-
circular phase (phase 7) begins. (T)

t8 Time at which the subcircular phase ends (the program ends here also).
(T)

. . . >
tEND (input quantity) End time. The program will end when 'ci tEND' (T)
T o (input quantity) Time at the beginning of the constant altitude control

phases (2 and 5). This number must be input only if the program is
started in either phase 2 or phase 5. (T)

Té (input quantity) Time at the beginning of either of the skipout control
phases (phase 3 or phase 3 modified). This number must be input only
if the program is started in either of the skipout control phases. (T)

1 &t <4t t
Ift3_t t3 then Tc t3

1t €t < t = #t

Ift3_t t4 thenTc t3

TPLUS The minimum value of future time at which at least one of the following
conditions is met. (T)

Nominal control calculation
Print and/or store data
Change phase

End run

B e o

(TPLUS is the time to which the program integrates — Block I.4.) (T)
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yp Unit vector (i, j, k coordinates) perpendicular to the current orbit plane.

U o Unit vector (i, j, k coordinates) perpendicular to the initial orbit plane.

P The direction of Gatt=t,.

yu Unit vector (i, l » k coordinates) in the orbit plane perpendicular to the
current velocity vector.

yr Unit vector (i, j, k coordinates) in the direction of the current position
vector of the vehicle.

U Unit vector (i,],k coordinates) in the direction of the current velocity

v vector of the vehicle.
A (2x1) optimal control perturbation vector which is added to the nominal

—c . . .
control vector. The nominal control consists of constant input angle of
attack, @, commanded roll angle .. (R,R)

\Y Velocity (i, j, k coordinates) at the apocenter calculated at the beginning

X RERE-S
of phase 4. (LT-1)

v, Magnitude at V.. (LT-1)

VO,YO,Ao (input quantities) Initial velocity in spherical coordinates. Input only
if TRINP = 0. The coordinates are respectively initial speed, initial
flight path angle, and initial azimuth of the vehicle. (LT-1, R, R)

V,Y,A Current values of V,, Yo’ and Ao' (LT-1, R, R)

v Velocity vector (i, j, k coordinates). (LT-1)

v, Velocity vector (i, j, k, coordinates set up att =t;). (LT-1)’

A" N (input quantity) If the program is in phase 6 and TRSBCL = 1, phase 7

I will begin at V = Viy. Also, if the program is in phase 3 (or 3 modified)

and r £ 0 and V< V]y, the program ends. (LT-1)

VN Performance index for optimal guidance and navigation.

W;j) (input quantity) Diagonality flag for Wg - Wgo = 0 => diagonal matrix;
Weo = 1 =>nondiagonal matrix.

U . . . I .
Wc (input quantity) A symmetric (2x2) control weighting matrix whose ele-

ments are tabulated functions of 10 time points. Three elements are
given with the diagonals listed first. (The dimensions of the diagonal
elements are R-2, R-2)
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(input quantity) Diagonality flag for Wé( . ng = 0 => diagonal matrix;
Wg{o =1 => nondiagonal matrix.

(input quantity) Terminal constraint weighting matrix. It is a symmetric
(9x9) matrix whose elements are tabulated against 10 time points. 21
elements per time point are required because the matrix is partitioned
as shown below.

w! 0

W 2

0 0

Current position components of the vehicle. The direction of these
magnitudes is along the i, j, k unit vectors, respectively. (L, L, L)

Current velocity components of the vehicle (i, j, k coordinate system).
(LT-1, LT-1, LT-)

Acceleration components of the vehicle (i, j, k coordinate system).
(LT-2, LT-2, LT-2)

(input quantities) Initial position components (at t =ty) of vehicle in the
i, j, k coordinate system. Used only if TRINP =1. (L, L, L)

(input quantities) Initial velocity components (at t = ty) of vehicle in the
i,j, k coordinate system. Used only if TRINP =1. (LT-1, LT-1,
LT-1

Position components of vehicle at apocenter. This position is calculated
at the beginning of phase 4 and represents the maximum distance the
vehicle will achieve from the center of the re-entry planet (i, j, k
coordinates). (L, L, L) -

Velocity components of vehicle at apocenter. This velocity is calculated
at the beginning of phase 4 and represents the velocity of the vehicle at
its maximum distance from the planet (i, j ,k coordinates). (LT-1,
LT-1, LT-] B

The 6-dimensional state vector. The first 3 components denote position
and the last 3 represent velocity. The nominal state is written X§ .

gk

<l
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X The 6-dimensional perturbation state vector.

éké-}gk-)—(l:

X .. The position and velocity difference between the actual trajectory and
—Dif . -
nominal trajectory i.e. §Dif = X - X* (6x1)
~ . . 2 3\{' - A _
X The error in the estimate i.e. 2k T X T Epi (6x1)
g'k Best linear estimate of Xy based on measurement data z k-1’ (6x1)
aXo (input quantity) gXk at t =t,. IF TRNIC =1, ,X, is obtained from a
noise generator in the initialization. If TRNIC =0 it is input. (9x1)
XA ’XAo See EI’ _Y_'A, _I_{O and EIo’ XAo’ BOo respectively.
iXk (1=1,2,3,4,6,7) The observation vector with components consisting
of measurements that would be made by the ith instrument at time
t =tk. These consist of:
i Instrument Observation Dimensions
1 15t ground tracker P, P, ¥, M L, LT-1, R, R
1°'1°1°1
nd 5 -1
2 2nd ground tracker oPs 5P 24!’ oM L, LT-1, R, R
rd g ,LT-1, R, R
3 3rd ground tracker 5P 5P 3‘11, N L , R
4 horizon sensor a, 5, BH R, R, R
6 | radio altimeter h, r L, LT-1
tk 1 1 1
7 IMU fadt LT-4, LT+, LT
to
'Xk (i =1,2,3,4,6,7) The perturbative observation vector of the ith
! instrument
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(i=1,2,3,4,6,7) The perturbed observation vector of the ith instru-
ment degraded by instrument bias errors and noise on the observation.
The dimensions are the same as the ixk)

Angle of attack. This is the angle between R, (the roll axis fixed in the
vehicle) and the velocity vector (V) and is assumed to remain constant
throughout the nominal trajectory. « is equal to @' during phase 1, 2,
and 3; a'' during phase 4, 5, 6, and 7. (R)

(input quantity) The angle of attack (a) has the value o' during phases
1, 2, and 3. (R)

(input quantity) The angle of attack («) has the value a'' during phases
4, 5,6, and 7. (R)

Body Euler angles. These angles define the present orientation of the
body fixed axes (P1, YA, Rp) with respect to the position of the refer-
ence body fixed axes (Pj,, YAg. Rog). The transformation is shown in
Block I.5. (R, R, R)

(input quantities) Initial values (at t =t,) of @1, @9, ag. The trans-
formation is shown in Block B4. (R, R, R)

(1 =4,6) Bias errors on the aiding instruments. These are constant
random variables related to the following instruments.

4 (3x1) horizon sensor (R,R,R)
6 (2x1) radio altimeter (L, LT-1)

i
Angle of the velocity vector projected onto the local horizontal.

(input quantity) Re-entry planet atmospheric density decay factor. (L-1)

(input quantity) Limit on the roll angle rate. Regardless of the com-
manded roll angle, the vehicle will not exceed a roll rate of Sy. (T-1

(input quantities) Minimum and maximum possible subtended angles for
horizon sensor. (R,R)

Control measurement matrix. (6x2)

(Input quantity) Input only if TRINP = 1. Initial value (att =tg,) of Y.
R®)
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‘max
min
k,k-1

c k, k-1

8 8
CDo’ CNoz

5t

5
t1

6t

&
1:IM

6p

At

Ah
max

AR

(input quantity) Maximum value ¥ may have at the beginning of phase 4
without the program terminating. (R)

(input quantity) Minimum value Y may have at the beginning of phase 4
without the program terminating. (R)

Control perturbation matrix. Relates the control vector uk-_j to the
perturbation state vector xy. Ik k.1 is a (6x2) matrix.

White noise weighting matrix in density perturbation shaping filter.

(input quantities) Constant random variables describing the uncertainty
in the drag and normal aerodynamic coefficients. These are the 7th
and 8th components of the (9x1) augmented state vector aXk. If TRNIC
=1, the noise generator is used to obtain these values for use in the
actual trajectory block using, P, as the covariance matrix. If TRNIC
=0, 5CDO and GCNa are input.

Integration step size used by the integration routine. (T)

(input quantity) 6t has the value 8t; for all phases except phase 4. (T)
(input quantity) &t has the value 8ty for phase 4. (T)

(input quantity) The integration step size desired for the integration
routine in the IMU Error Matrices section. The step size used is the

minimum of 8t;p and the interval to the next tg time point. (T)

The density perturbation. During nominal trajectory 8p, = 0, but during
the actual trajectory the density perturbation model is assumed to be

©

h

bp = - l——l +

P hp bp, Wy )

G =G,p,k,c,P,W) (input quantity, i =1,2, ..., 10) Intervals used to

specify tj time points. (see tj). (T)
(input quantity) Constant used as a trajectory constraint. The perform-
ance assessment run is terminated when the difference between altitudes
in nominal and actual trajectories exceeds this value. (L)

(input quantity) Constant used as a trajectory constraint. The perform-
ance assessment run is terminated when the distance between a point on
the nominal trajectory and a corresponding point at the same time on
the actual trajectory exceeds this value. (L)
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(t=1,2,3,4,6,7) Measure of the linearity of the observation of the ith
instrument. It is obtained by subtracting the perturbative observation
of the ith instrument, predicted on the basis of linear theory, from the
difference of the observation as seen from the nominal and actual
trajectory. (The dimensions are the same as the ixk)

Plant noise perturbation matrix. Relates white noise in plant equations
to the state vector.

The value of time, t, obtained within the integration routine must agree
within ¢ to the time established as an integration routine exit time. (T)

(input quantity) ¢ has the value ¢y during all phases except phase 4. (T)
(input quantity) ¢ has the value ¢, during phase 4. (T)

(input quantity) ¢ has value ey during the IMU Error Matrices
calculation. (T)

Yaw guidance constant. A number whose magnitude is less than 1 which
is used to define yaw control limits.

(input quantity) IMU error sources. A 15 component vector of constant
random errors which is obtained from a noise generator if TRNIB = 1

or input if TRNIB = 0. (R, RT-1, RL-1T2, R, RT-1, RL-1T2, R, RT-1,
RL'1T2, LT-2, LT-2, LT-2, dimensionless, dimensionless,
dimensionless)

Damping ratio of constant altitude roll angle. { = (i in phase 2 and
¢ = {, in phase 6. Input only if TROPGN = 1.

(input quantities) Damping ratios for constant altitude roll angle control

Input only if TROPGN = 1. The damping ratio of the constant altitude

roll angle control will be C1 and (g for phases 2 and 6, respectively,
if TROPGN = 1.

Range angle plus 90°. An angle measured in the r ljt plane from k; to
r. (R

Azimuth angle measured by ground tracker. (R)

Control system noise as measured by IMU at time t = t;.
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A Latitude of vehicle. Angle between the i j plane and present position
vector. (R) -

Xo (input quantity) Initial latitude of vehicle. Input only if TRINP =0. (R)
Ac Control gain matrix (2x9)

1Tc Control cost matrix (9x9)

Tré Extrapolated control cost matrix. (9x9)

p Atmospheric density of re-entry planet (ML-3)

po (input quantity) Sea level atmospheric density of re-entry planet. (ML'3)
ip (i=1,2,3) Range as measured by the ith ground tracker. (L)

i5 (i=1,2,3) Range rate as measured by the ith ground tracker. (LT-1)

p riax (input quantity) If the range from any tracker to the vehicle is greater

than this constant, the variance in range measurement for that tracker
is set to 106, (L)

pia < (input quantity) If the range from any tracker to the vehicle is greater
than this constant, the variances for the angular measurements is set
to 106. (L)
01241 Variance of noise in measurement of elevation angle jV. (R2)
Oi?ﬁ Variance of noise in measurement of azimuth angle ¢N. (Rz)
0.2 ,0.2 Covariance of noise in range jP and range rate ; P measurements.
1p-1p (121"}
g...: Covariance of noise in range ;P and range rate 5 measurements.
ipip 1 i
(L2T-10
g, Covariance of noise in range ;P and elevation angle 1'¥ measurements.
ieiy (LR) 1
a_. Covariance of noise in range ;P and azimuth angle ;1 measurements.
ipin i i

(LR)
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o.¢. Covariance of noise in range rate ;P and elevation angle {¥ measurements. ‘

ipiy (LT)

o, . Covariance of noise in range rate ;¢ and azimuth angle i measurements.

P (LR)

o, ¥in Covariance of noise in elevation angle ;¥ and azimuth angle N
measurements. (R2)

1o (i=1,2,3,4,6,7) A priori statistics error. Constant that allows the
effect of incorrect a priori statistics to be examined. (1+;0) ;Ry is
used to generate noise vector jvi whereas ;Ry is used to determine
estimates.

0‘k Estimate of integrated control effect.

T Period of constant altitude roll angle. T =T; in phase 2and T =Ty in
phase 6. Used only if TROPGN = 1. (T)

T'(a) The interval of time that a pilot can remain usefully conscious at a
given acceleration (a) level. T'is a function of a. (T)

T 1’ T 9 (input quantities) Constant roll angle control periods. Input only if
TROPGN = 1. The natural period of the constant altitude roll angle
control will be T1 and Tq for phases 2 and 6, respectively, if
TROPGN =1. (T,T)

PPy Current value of the roll angle. ® is the angle between the vertical
plane through the velocity vector (V) and the normal force (N). (R)

P, The value of ®, resulting from the previous nominal control calculation.

i-1 i
(R)

cpo (input quantity) Initial roll angle (patt =t;). (R)

Pe Commanded roll angle. (R)

Cpcl The value of @, during phases 1 and 5 (supercircular constant roll angle
control phases). (R)

cpc3 (input quantity) The value of ¢, during phase 7 (subcircular constant
roll angle control phase). (R)

¥ 11 (input quantity) The value of ¢, during phase 1 (first supercircular

constant roll angle control phase). (R)
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CD21 (input quantity) The value of @, during phase 5 (second supercircular
constant roll angle control phase). (R)

¢ An angle measured in the i, j; plane from j to the plane formed by r
and k. (R)

@(t,tk) The (6x6) dimensional state transition matrix relating the states x (t)
and X (t).

a@(t,tk) The (9x9) dimensional state transition matrix relating the states

x(t) and x(t, ).
a— a='k

A@(t,tk) The (nxn) dimensional state transition matrix relating the states
AX () and | x(t).

C‘b(t;,tk) The (1x1) dimensional state transition matrix which is the solution of
the linear homogeneous differential equation for the perturbative density
function.

‘Y(t,tk) The (6x6) dimensional state transition matrix which is the solution to
the adjoint linear differential equations.

iw (i=1,2,3) Elevation angle measured by the ith tracker. R, R, R)

Yo (input quantity, i =1,2,3) Minimum permissible elevation angle for the
ith tracker. (R, R, R)

wcpi—l V:lue use)d;y p:)ograxix; Tetl;zczaal(;)ulz;tlon (r); _cplc if Iutpi—ll S Byp. I

Cpi—l Cp, Cpi_l p y cp' ( )

wPI’wY A’ Components of angular rate (w) along the pitch, yaw, and roll axes of
the vehicle, respectively. (T-1, T-1, T-1)

“Ro

3.2 FUNCTIONAL ORGANIZATION OF THE PROGRAM

The diagram that immediately follows these paragraphs is designated as the Level I
flowchart. It does nothing other than summarize the basic structure of the program

in terms of the basic functional operations that must be performed. It can be consid-
ered as consisting of two types of functions. First, operations that constitue the basic
computational cycle; these functions are described by the blocks that have been desig-
nated with Roman numberals. The details relative to these blocks can be found in
Section 4. Blocks A, B, and C describe functions that either occur once (i.e., Block B),
are required in order to make the program operate meaningfully (i.e., Block A), or
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act passively relative to the computational cycle (i.e., Block C). These three blocks
are described in Section 3.0.

The INPUT block represents a summary of the quantities that an engineer must input.
No computations are contained within this block. In the GENERAL INITIALIZATION
block, computations that must be performed once during a specific simulation run
and/or logical decisions that must be made for proper operation within the basic com-
putational cycle are accomplished. The OUTPUT block consists primarily of the
output tape edit routine which presents the output of the program in a readily under-
stood and usable form.

This program uses guidance and navigation policies that are based upon the techniques
of linear perturbation theory. To apply these methods, it is necessary to compute a
nominal (or reference) trajectory. This task is accomplished in the NOMINAL
TRAJECTORY BLOCK.

This program is divided into three basic computational stages. These stages are, in

order, the nominal (Blocks I and II), the guidance law and IMU error matrices (Block
IIT), and the performance assessment (Blocks IV through VII) stages. A computer run
may be started at the beginning of any of the three stages if the earlier stages, if any,
have already been run and the data tape, which is generated with each of these stages,
is available.

Certain characteristic types of time points are in use throughout the three stages.
Associated with these time points are the time intervals between them. The nominal
control time points, tg, form a set consisting of the times at which a nominal control
command is given to the re-entry vehicle. It has the shortest time interval of all the
types of time points. The minimum observation interval is defined by the time points,
tp, and are a subset of the t. The actual observation times, t;, are a subset of the
tp and the actual control times, t,, are a subset of the t;.. Data output from the per-
formance assessment stage occurs at times, tp, which are a subset of the tg-

The LINEAR SYSTEM MATRICES and the NOMINAL TRAJECTORY blocks are concept-
ually linked in the sense that both blocks depend only on the nominal trajectory which

is being flown. For this reason, although the tape handling techniques for this program
have not yet been defined, it is anticipated that the tape generated in these two blocks,
containing all the pertinent and necessary data for calculations in subsequent blocks,
will be distinct from tapes containing data which is influenced by the parameters of the
study. The function of the LINEAR SYSTEM MATRICES BLOCK is to compute the
state transition matrix, Q(tp,tp_l) and the other matrices which appear in the linear
dynamical and IMU equations. Since the data in these blocks is independent of the

rest of the program, the program is set up so that only these two blocks, along with
the appropriate initialization, may be computed if desired. For the same reason, time
progresses simultaneously in both blocks from t =ty to t = t); in two sets of intervals.
These are the intervals defined by the tg's and the ty's.
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The GUIDANCE LAW AND IMU ERROR MATRIX BLOCK consists of two sections
which are combined for the sake of convenience. The output of the GUIDANCE LAW
MATRIX section consists of matrices which are evaluated at t = t; starting at t =ty
and continuing until t =t,. These matrices are used in the GUIDANCE BLOCK in
order to implement the guidance philosophy and are stored on tape until needed. The
output of the IMU ERROR MATRIX section is also stored on tape for use in the
NAVIGATION BLOCK. It is, however, stored in such a fashion that either it or the
output of the GUIDANCE LAW MATRIX section can be changed independently, depend-
ing on the nature of the parametric study. The output of the second section consists of
(3x 15) matrices which are obtained by integrating the IMU caused errors in accelera-
tion from t, to tp and tabulated at every tp.

Parametric studies of sensors, control intervals, observation times, etc., may be
accomplished in the performance assessment part of the program. The program may
be started at this point by using previously generated tapes if desired. The nominal
initial conditions of the trajectory may be perturbed to form the initial conditions for -
the actual trajectory. If a non-zero estimate of the state is input, perturbative con-
trol is generated at this time. The equations of motion are integrated in the ACTUAL
TRAJECTORY BLOCK until observation time points have been reached, at which time
observations by the appropriate electromagnetic sensors in the ELECTROMAGNETIC
SENSOR BLOCK, or observations by the IMU, are simulated.

Navigation is performed at every observation time in the NAVIGATION BLOCK; part of
the output consists of the best estimate of the state as obtained from a Kalman filter.

If the observation time point is also a guidance time point, this best estimate is used
in the GUIDANCE BLOCK to generate an optimal perturbative control vector which is
added to the nominal control until a new value is computed.
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3.3 INPUT', GENERAL INITIALIZATION, AND OUTPUT

3.3.1 Input - Block A

The total input to this program is contained on 22 pages of load sheets which are con-
tained in paragraph 4. 10 in the User's Guide. This program is unit independent,
with the exception of angular units which must be input as radians. If the input has
been made in a consistent set of units, all calculations and output is made in that
same set of units.

A listing of the input always precedes a computer run. If intermediate tapes are
generated, the output tape edit routine presents the input, along with identifying
alphanumeric symbols at the beginning of the run as well as at the beginning of the
performance assessment part of the program. If only a performance assessment

run is made, the input which was used to generate the intermediate tapes is still
printed at the beginning of the run even though the card input to the parts of the program
used to generate the intermediate tapes are not supplied. This is accomplished by
reading this input information from the intermediate tapes where it has been stored

in order that each run made by the program does contain all the input which was made
to generate the data in that run.

The following pages consist first of the listing of the input for a typical run and then
of the print of the input as made by the output tape edit routine.

3-35



0°040°0%%13°Z 230 11 % 3T9INIS
o 0930 01 % 319NIS
NJ130°027130% 060 230 8 ¥ 319NIS
N2130¢02130% G0°*1° 730 8 % 3ITINIS
%3°2°60°*1- 230 8 % 3JIONIS
4
1
1

[N NI Y

0410°°10°¢0*T°¢1" 730 v 3IONIS
0 230
JINYL  * 1 730

% 379NIS
% 3TINIS

S3)1UIVW MV 3ONVAIND 108 682 € 3ITINIS
$3°T*H3°T443°1493°T1°$3°1443°1°°00S J30 98 € 3ITINIS
$3 T %3 1°45°1° 1°°1¢-1°°011 230 %9 € 3TINIS
93°T493°T493°1¢°1°*°14°1¢°00Z 230 %9 € 3TONIS
€3°1%€3°1°°00C 230 ¥Z € 31ONIS

€

NI

M@
4
m $3°1%43°71¢°00Z 3@ %2 € 3ITIINIS
< *0%°0 930 12 € 23IINIS
o *51 930 11 € 319NIS
@] *00G1 930 1 € 3JWONIS
& e NW1 ¥04 ¥3QVIH* 178 81 2 3TONIS
a 9-3°148-305€99086° *6—3€668G€vL°*L-30611262L" *6-389€18%8%° 230 €1 2 3ITINIS
(3] o €-3°146* 730 11 2 379NIS
" . “1°0°0%0°°140°0%0°°1 230 2 ¢ 3INIS
14 03301 2 3JINIS
0 €-3°1°°%9 230 621 1 3JINIS
m 3 . L .  &=3°T%G® 230G 121 1 3ITONIS
s 840€°4°0Z1°0 730G %21 1T 379NIS
3 S *G 230 41T 1 319NIS
< s00G61 230 %01 T 3719NIS
o ~00T*S9T"BLES* 120T96€T°40T3622516€1° 930 001 T 3IIINIS
w Z-30C£99086° $2-35699086° *6°%°¢ 230 96 1 JIONIS
4 S 013065802L€° 230 68 1 3MONIS
E He) %3  €#3 = %386°1 *130126609€°0 *€3€5611121°0- 330 18 1~ 3I9NIS
- Zs3 T3 O0#3 » %39€986191°0 “%38€120266°0- *6312658422°0 230 %8 1 379NIS B
$-326912021°%€-39822°°0€6%°G86% 230 18 1 319NIS
Ge7 €47 VHAIVaNsD * 6865256Z°0 *HY00€%8€°1— *141809€°1 730 82 1 319NIS
m 549 747 O#0%) # £%915926°0 6800L18°1- *8602506°1 336 6L T 3 1ONIS
& L 2davad  Id#A2)  * *0 **0 230 €2 1 3TNIS
@ “0Li°*€2I%E040°0089 230 OL 1 3TINIS
2 . f100 12¢IHd 3INIYAAVHIIV % 166926€°0 *T1145°0 930 19 1 379NIS
(=] TTTTUTTTTTTTO0 J33@a 08 1T 3INIS ’
0 1°%869°**¢ 230 s% T 3IIINIS
4] OC4VAdIV 0Z24VHJIV OTaVHdIV =% *0 *°0 -0 330 2% 1 3ITONIS
4 e ) °6 230 2¢ 1 3TINIS
(] TeposT W30 22 1 39NIS -
g o €961016°1°11°=**8 730 61 1 3IIONIS
Q ~0%0°%°06%9 930 2. 1 379NIS .
m 00¢*14°L%0 730 1 379NIS
M 1X9 0L 03IN0338 Y0133/ >|m:pnl.luuj|wxlu.§ﬂdi
A¥OLJ3rVYEl AYINI IVI¥OLIVND3¢ 128 6 6 3TINIS
m VI ONV *WT9 *TWT *WON %  0e [ 1T %%0" 1%0°1**T 330 T 6 3ITNIS
ATINO Vd * 0°C*°0%°0*°€*°%*0°T*0°T1*°1 236 1T 6 3JIINIS
- Vd ONV *WT9 *WON =% 0T ST V0 U1 % CCT 11330 U & I ONTS
Vd ‘W19 = 0°Ct=14°0%24°% %0°T *0°1 *°1 730 1 6 3IINIS
XINO WON * 0 2 0 0 T 9" 1**1**T 330 T & 3J1INIS
AIND 3dV1 INI¥d =* 0 €S "T4°T4°G**»40°T°0°1*°T1 230 1T 6 3IINIS

3-36




AC>
A

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

0°“T0"*T0**0°*T"*1" 730 651 9 3IIINIS
. %-3°1*4-3°1%°0001 230 61T 9 3IVINIS

*0%*0 230 021 9 3I9INIS -

"62°°0014°6524°001¢°52°°001 730 8¢ 9 3ITONIS

*G2%*%**% 330 Z6 9 3ITIONIS
o *GZ**%**y 230 98 9 3IIINIS

. °G2%*%%0 230 08 9 319INIS -
) L 8-362°¢¢-36" 230 &L 9 3IIONIS
S—3ZHL19%0€°*6-32%219%0€°45-32%L19%0€" 230 0L 9 3I1INIS
S—-3ZHL19%0€°4G— uwenﬁooom..m,MMN..mamo. 730 09 9  3ITINIS

9-3€€°149-3¢2°1%9-3¢1*1 230 %5 9 3JIANIS
L ~ S-32YL19%0€°*6-325L19%0€°*B~-352"%¢~36° 230 %% 9 3IIONIS
9-3Z2€°149-322°14%9-321°1 230 8¢ 9 3IIINIS
L $-325L19%0€°¢G-3AZ%LT9%0€ **8-362°%€~36° 230 8Z 9 3ITINIS
9-3TE°T1%9-31Z°1*9-311°1 230 22 9 319NIS

0‘o‘o* olo‘o 0! o.muo 0230 01 _ 9 3IINIS
040%0*0%0*0%0 337 € 9 3I19NIS
) ‘ e TT=ScT-St1-fCT-*1- 230 € 9 3ITINIS
041 230 1 9 319NIS
o . _0I-3°006*01-3°006‘01~3°006%°002 730 00% G 3TIOINIS
0 230 66¢ S 3II19ONIS

- _ _.8-362°¢€-36°°°0051 230 66Z 5 3ITINIS -
0 230 862 S 3JIONIS
o _S=32HYLIIY0E"4S~IZHLTIIH0E"4S—IZ%LT9%0€"* "0 230 €21 S 3 TIONIS
S9T°BLEY*€*9¢0%0 330 611 & 3ITINIS
B S—-324L19%0€**6-32%L19%0€° 230 111 ¢ 3I19NIS

B o T S-32%L19%0€**G-3ZH219%0€"° 730 101 & 3INIS
S-3ZHLT9%0E**6-32%LT9%0€" 230 16 G 3IINIS

0'0%€-3522-700%€-3622°40%0%¢-3622° 290 08 & 3IIINIS
o e 0%'0%0 230 L2 & 3TIINIS
0%0%0%6-36°%0%0%0%6-36"%040°0%6-36" 230 59 S 3IT1ONIS
) o __0%0*0 230 29 § 319NIS
*Te°Té°1¢°01 230 22 S 319NIS
A373 L1¥D ALITIGISIA & ~ .No..mu..wu\mwm,oﬁ S  319NIS
0*0*0 230 61 S ITONIS
 9NBY ¥3INIVHLx CCT4°T4T0° 230 91 G 3T9INIS
- o o ONGT ¥INIVYL vyl DI = CT*41°%10° 230 91 § 3 1ONIS
926°°626°*%26~ 331 91 S 3ITINIS
‘ T R L A 2 T *T-*°T1%0 230 €1 S 3JI9NIS
ILARENRIATES 1°4T°¢1° 230 €15 3ITINIS
1VY W3%NJvHl rvel D3x 0'0°% 230 €T & JI9NIS
SOT°BLEF*SOT*BLES*SIT8LED 330 01 S 3ITOINIS
I T T T T O3 10131 233G 8 T € T IT9NIS
AINO VY= 0¢=140*G*u*0°0 230 1 S  319NIS
T - o T 76T 33406 vy 3T9NIS
*0061 2330 08 % 319NIS
- <51 330 0L % 3INIS
*00ST 230 09 % 3IT9NIS

B T : CT 0%0 230 %5 % 3I19ONIS -
0d1 = 10°%10° 230 %6 % 319INIS
T e —— - . T0°4T0**T0°* 1*°1%°1 230 €€ & JIINIS
XVHO = *0% 230 91 % 3T19NIS

. . — - T 93°1493°1%0%*€%93°1%-02 230 91 +» ~IVIINTS
0 33Q 1T % 3T9NIS

-t

-
2]
!
™



GENERAL MOTORS CORPORATION

AC ELECTRONICS DiVISION

%0-3¢6912021°0

€0~-30000982Z2"0

S

“NeY

00 368652562°0

10 3%00e98€1°0-

10 31%1809¢1°0

00 32%%15926°0

10 368002181°0-

S#) €*d dIUYN#D A2} 22D
8€-300000000°0 8€-300000000 *0 €0 30000004770 €0 300000€21°0
T - dvd T 34N dexl €2l
o 8€-300000000°0  8€-300000000°0  8£-300000000°0 8€-300000000°0 8€~300000000°0
2Z#4 1Zed 02sd €isd TTed
T 8€-300000000°0 00 301669Z6£°0 00 3000011%$°0 8€-300000000°C  8£-300000000°0
o " | Y G 1Z+1Hd ddHdV [F23) T Zeen
- i o 8€-300000000°0 8€~-300000000°0 8£-300000000°0 8€-300000000°0
) T T tielHd . dwdw 13 £ 3 3]

" '8€-300000000°0

8¢-300000000°0

T 8€-300000000°0

00 30000000L1°0

S*Sd3

NIsA

"00 300000869°0

I1HdsV18

€J21Hd

10 30000000€°0

T IHd#X

" 0x1IHd
'8€-300000000°0

0€*Hd IV

8€-300000000°0

8€-300000000°0

8€-300000000*0

9€-300000000°0

"8€-300000000°0

8€-300000000°0

" 8€-300000000°2

oIyl

'8€-300000000°C

023Hd W
g€-300000000°0
8€-300000000°0

8€-300000000°0

8€-300000000°0

8€-300000000°0

T 8€-300000000°0

8€-300000000°0

'8€-300000000°0

10 3J€96L01S1°0

00 3000000T1T°0-

10 300000008°0

8€-300000000°0

8€-300000000°0

8€-300000000°0

T 8€-300000000°0

) Osv N ¢ P 1) O%A 0Nk Oxnv
0 = JIvdl 0 = N9J0OU1 T = 1749541 i = 3SHdY1
YT T T T T I T T ey ey s s ey Py P P P T Y T e T T T T T T T P T T TR T I T II T I I i a T T A DR S AL AL 22 2 2 S s R SR RS S S EE L
o ) T T T T IMGNT STITYIVH WILSAS YVINTTONV XAYOIDJ3TVYL TWNIWON
o - TX9 01 g3I3Ng3¥ 90IJIAN FIVLS -
TOTISTTIOVE T “ON NNd 7 77 INIWSSISSY FINVWEOIUId NOTIVITAVN UNV JINVOIMI X¥INT—39

%0 30€6%586%°0
n

10 38601505170
Cas)

vive 3TJIH3A

%0 3€0L00069°0

SsY
8€-300000C0C -0
T T 0ted
8€-300000000°0

12
8€-300600030°0

TTs»
8€-3000000600°0

J#l
8€-300000000°0

0TsHd TV
8€-300002000°9
10 30000000670
9%1130
8€-300000000°0

%0 300000061°0

IVAY3ILINI TOXINOD TUNIWON 9Oe&i

%0 4000005%9°0

O=d

v1iva A¥0LI3rVHL

o] = dNIYL




r 4
0
-
<
o
o
0
14
0
0
(1]
4
0
=
0
=
J
<
o
w
z
il
o

AC ELECTRONICS DIVISION

€0~-366666666°0

¢0 3000000%9°0

%0-366666666°0 00 30000000570 00 300008%0€°0 €0 3000000210 8€-300000000°0
2143 Coama B T1d3 11730 GNIsA T ON3er Os1
T o 8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°5 ~ 8€-30C000000°0
T ) B 8€-300000000 "0 8€-300000000°0 8€-~300000000°0 ~ 8€-300000000°0 10 3600000050
T T - A T T T dsinag
o 8€-300000000 0 8€-300000000°0 8€-300000000°0  8€-300000000°9 8€-300000000°6 "
T 7T T8€-300006000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 0 3000000ST°0
0 TVAYIINT NOTLVAYISEO WAWININW del T
i I0YINDD WV 39084
o "7 £0 30000000T°0 %0 30S9184€9°0
- ToRwed 8dvI
o 00 3TZ0T96ET"0 0T 362¢ST6ET 0 20-305€99086°0 20-305£99086°0 00 300000005°0 T0 30000000€ *9
T aviie 0s0HY 329 03 7 x3-NT T x3-w
n 8€-300000000°0 8€-300000000°0 8€—3600000060°0 8€-300000000°0 8€-300000000°0 #€-300000000°0
- A Hd 24D Tsd Z39) . 1323 ’
’ 0T 30SS80ZLE°0 ~ 10 30126509€°0 €0 IES6LTLZT 0- %0 39€986191°0 %0 JLELLLZ66°0- S0 ILTe58%2Z %0
He) el €3 r2> R £ T 0e3
INIWNOYTANT TWITSAHS
) [Ty T 2 T 2 EAB SRR eT2 s saseeese

X9 01 G3In03y¥ HOLHIA ILVIS
ANINSSISSY IINVWYOIYII NOTIVITAVN UNV 3INVOINYG AYINI-IY

INdNY SIITUIvW WIISAS UVINIT ONV A¥OLI3rvyl TVYNIWON

3-39



»>

N

GENERAL MOTORS CORPORATION

AC ELLECTRONICS DiIVISION

) o o 60-300000001°0  80-36%£99086°0  $0-3Z668SEYL°0  L0-36%112622°0  $0-3R9€18%84°0
- _dSe_ doeN o desy dzed dTsY
i o 10 300000001°0 10 3000C0001°0 T0 30C000001°0
XTUIVW NOTIVINIIHG INIWNUISND NWlsW XIY¥LVW TYNOOVIO € A8 €
T T £0-366666666°0 = I1d3 00 300000005°0 = WI113d ~ ~ 0 = 9WOuL

Py ey ey e r e e r e S P P PP AR PR S UES RS S AL PL AL LSS S S 2 L2 L L

P T T T L Lt et R P 22 22 L L 2 T T

68 39vd " 1

. T T T T T T T INGNT. SIJTRIVE NIWT - -
T T ’ IX9 01 037nNa3Y¥ wO0l1Jd3A J1VIS T T -
"ON NME 7 - - INIWSSISSY IINVWEUIEIF NOTIVITAVN UNV JONVUINT K¥INI-I¥ 7~ _

3-40




GENERAL MOTORS CORPORATION <%7>

AC ELECTRONICS DIVISION

DENNEEN N

/
A

S0 300000001°0 SO 300000001 °0

S0 300000001°0 S0 300000001 °0

99 373

S0_300000001°0 S0 300000001°0_SO_300000001°0 SO 300000001°0 €0 3000GC00S°0

$S 3713

S0 300000001°0 10 3000000071°0 10 300000001°0 10 300000001°0 €0 300000011°0

%% 373 €€ 313 Zz 313 11 313 IWil

X1Y1VW WWNOOVIG

S3D1¥1vih ONTLHOI3M 31VIS JTWIIWWAS (9X9IXIedM

%0 300000001°0 %0 300000001°0 €0 300000002°0

-¥4ERE 11 373 Iwtl

XTHiViw TWNOOVIC

"S301YIVN ONILHO13IM I0YWINOD DTHLIINWAS (2XZ)INOM

1 = WI9d1 C = 0*XM 4] = O*NM

8€-300000000°0 8€-300000000°0 =300000000°0

8€-300000000°2 §€-300000000°0

8€-300000000°0 8¢-300000000°0 8€-30

000000°0 8€-300000000°0 20 300000061°0

91730

“8€-300000000°0 8€-300000000°0 8€~300000000°0  8¢-300000000°0 “8€-300000000°0

'8€-300000000°0 8€-300000000°0

8€-300000000°0 ~ ~ 8€-3000000060°0 %0 300000051°0

Jel

*shkst L i 22 22

SEERERRSE

* ‘ *%8 LA RS2 222 2222222222 222 22 3

INANTSTITHIVR AVT IINVOING ~

7T TTOYTTIOVE T CON NNRY

o 1X9 01 03on03% WOII3A 31viS

ANIWSSISSY IINVWHOIYIJ WOTIVITAVN ONV IINVAING AMINI-3IY

3-41



N

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

8€-300000000°0 8€-300000000°0 8¢-300000000°0 8€-300000000°0 8€—-300000000°0

8€-300000000°0 8€-300000000°0  8€-300000000°0 8€-300000000°0 20 3000000S1°0
T = B ‘ T T T %1130
8€—300000000°0 8€-300000000°0  8€-300000000°9  8€-300000000°0  8€-306C00CO0°0

8€-300000000°0 8€-300000000°0 8€~300000000°0 8€~300000000°0 %0 300000051°0

TVAYIANT NOTLIVAYISE0 Msi

8€-300000000°0 8€-30000000C*0

2z 313 11 313

TUXIMLIYW TWNO9VIQ

SINITIIT44300 JDIWVNAAOYIV 40 XTWIVW IINVIYYADD (2xZ) O#d

20-366666666°0 20-366666666°0 Z0-366666666°0 10 3000000010 10 300000001°0 10 300000001°0

99 313 55 313 vy 373 ‘ €€ 313 CoZz 13 11 373

S . XIY1lvW WNOOVIG

3EVLS IVILINT 40 XI¥LVN 3INVINVAOD (9X9) Osxw

o 0 = 00%d2 0 = 00xd 0 = COw

N ) ’ "7 L0 30000000170 20 300000001°0 8€-300000000°0 10 30000000€°0 L0 30C0C0001°0 20 3006000006°0
w3130 T wWHI3@ TTONINYS T XYWYO VWY XVH%9

o 8€-300000000°0 8€-300000000°C  8€-300000000°0 8€-300000000 °0 RE-300000C9C*D
T - T OxH [T it e 0N

T B 7 8£~300000000°0 8€£-300000000°0 §£~300000000°0

R o T2 I s E 1] VYN313Q 0a3733

8€-300000000°0 = Z20-366666666°0 20-366666666°0 8€-300000000°0 0¢ 30000C001°0 ¢0 300000001°0

*0Z13a ‘ B 7 S E [ “0X7130 o 07130 O0A13a 0x 130
I o o 0 = JIN¥Y1
. T sex+ LNANT ANDLDICVHL TVALDV
SRR E SRR RS EE SR RREE SRR RS R EEE SRS ESRARRSRRRRER RS SRR RRATRRER SRR ARE R R R R SRR RE B AR SRR SRR RXEEEEXERXRS SR SR ERE R
T T T T T UTINGNY  INIWSSISSY IONVWEOIEId o : -
- TX9 01 a3Idnd3y ¥0IDI3IA I1VIS i i o T
19 39vd 1 “ON NMY 7 T INIWSSISSY IINVRIUIYI4 NOTIVITAVN UNV IONVUINT AYINI=I§ o




GENERAL MOTORS CORPORATION M

AC ELECTRONICS DIVISION

60-3000001€T°*0 S0-300000121°0 $0-300000111°0

NAERE] 2z 313 11 313

XI¥LVW T¥NO2VIQ C -

ALNIVLY3IINA NOILVIOT T °ON ¥3NJVHL 40 3DNVIYVADD (eEXe) Tal

o 7 [¢} 0 0 0 0
Y908L T g908L Z908L 1908 00€9 00€h
T T o 0 - 0 0 0 I A B
108¢€ T 1082 J081 B 10ge 1062 108t
8€-300000000°0 8€~300000000°0 8€-300000000°0  9€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0
9ISL’ 9159 ) £ o 915y T T Terse T T 9use 2151
’ - T T ’ 0 = oodt U = aINdL
’ T T 7T 80-300000062°0°  €0-300000006°C %0 320000061°G 1 1
e (22198 {1119y o 3WlHL
. o o . 0 = (0)9y
B B o ~ ~ . —a3lIwILIV 010V
S s s mme e - TTOTT T T T T O 99RT T T 1 = 94wy
T e e = 9JNIN 0 = 9441 0 = 94SH 0 = 94SS 0 = 9488
T T - o ) *x23 WILSAS NOILVOIAUN ¥4 1NdNI
“8€-300000000°0 8€-3000000G60°0 8€-300000000°0 8¢-300000000°2 3€—30(0CI090°D

8€-300000000°0

8€-300000000°0

8€-300000000°0 8€£—300000000°C ZCG 3000000610

8€-300000000°0

8€-300000000°0

8€-300000000°0"

8€-300000000°0

I 5 P & E 11}

8€-300000000*0 8€-300000000°0 #€-300320000°0

8€-300000000°0 8€-300000000°0 " %0 300020061°0

IVANIUINT I LIdUM 3dVL ddvIsl

T T g R T O e T T T T T L R Ll L T P PPy

ey e T T T TINGNT INIWSSISSY IINVWIO Y3

Y TIOVET T T YON NNy

1X9 0L 032nQ3d ¥OLD3A 3LViS

ANIWSSISSY IINVWUOIY3Id NOTIVITAVYN ONV 3JINVAIND AYINT-I ¥

3-43



GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

XT¥1VW 1VNOOVIQ

- SYOYYF SVIE INVLIXIS 3JIvdS 40 IINVINVAOD (IxI) 08¢

S0-3IZHL19%0E£°0 S0-3IZHLTI9H0€°0 SO-3IZYLI9%0€°0

€€ 313 LA RE] ISSERE]

XIYLYW TVNOOVIQ

SYUOYW3 SVIE ¥OSN3IS NOZIWOH 40 3IINVINWVAOD (£XE) 08%

S0-3Z¥L19%0€°0 S0-32%L19%0€°0 80-300000052°0 €0-300000006°0 ~

9% 313 €€ 3713 2z 373 1T 3713

XTuivW TVNOSVIQ

SYO¥YI SVI8 € °“ON ¥3WIVYL JO 3INVIUVAOD (¥X%) 8¢

$0-300000€€T1*0 G0-300000€21°0 GO-300000€11°0

€e 313 2z 313 1t ans

XIYlVvW TYNOOVIQ

AINIVIYIONN NOTLVIOT € °ON d3NIVY¥L 40 3IINVINVADD (€X€) Qge

S0-IZ¥LT9%0€°0 S0-3Z¥L19%0€°0 80-300000052°0 €0~300000006°0

%y 373 €€ 313 2z 313 11 313

XTdiVW TYNOOVIQ

SYOWYY SVIE 2 “ON dIVUL J40 IINVIUVADD (4X%) 192

S0-3000002€1°0 S0-300000221°0 S0-—-300000211°0

€€ 3M3 2z 313 11 3713

e ’ ‘ XIdLVW TVNDOVIQ

ALINIVLYIONN NOTLVIOT Z °ON ¥INOIVHL 40 IINVINVADD (€XE) 182

o 60-32%L19%0¢°0 S0-32%LT19%0¢°0 80-3000000S2°0 €0-300000006°0
¥y 313 te 3713 ZZ 33 it 3

B U ) XIYLVW TYNOOVIC

SY0YYI SVIG T *ON u3NIVHl 40 IINVIEVAOGT (oHxv) 187

TR IEEE EE TyTrTT A R E E

Ty [TITT ¥ T *

TSR SER BRI SRR

oo INdNT IN3WSSISSV IINVWHUIYId

X9 O1 03IJNJ3I¥ YO0IJIXN JIVIS
°ON NITE o INIRSSISSV IJIRVRIUITId NUTIVITAVN UNV FINVOINY XA9INT—3IY




90-366666666°0 %0-366666666°0 0 300000001 °0

2z 373 11 3N IWll

XT¥1VW TWNOOVIG

ISION W3ILSAS T0YINOD 40 3IINVISVADD (ZXx2) O1

DN

D

[N
o
o

3000000$2°0 €0 300000001°0 20 300000052°C €0 3J00000001°0C 20 300000052°0 €0 300000001°0

99 313" [TAERE] %% 3713 €€ 313 Ze2 313 ‘ 11 313

XIYLYN TVYNOOVIQ

SY0YY3 SVIE wILIWOWITNIIIV 40 3IINVINVACD (9X9) 95aL

20 300000052°0 10 30000000%°0 10 30000000%°0

€€ 313 22 313 11 313

X1dLvw TYNDOVIQ

SWOYY3 SVIS € OYA9 40 3IINVIWAND (€XE) €942

20 300000062°0 10 30000000%°0 10 300000004°0

€€ 3713 22 313 11 313

XIHLvW TYNOOVIQ

SYO¥YI SVIG 2 0WA9 30 3IINVINVAOD (eX€) 298L

T T/ 20 300000052°0 10 30000000%°0 8¢-300000000°0

GENERAL MOTORS CORPORATION
|
i

€€ 313 ) 22 313 11 313

XTdivW TYNDOVIQ

SY0¥W3 SVIA | OWAD 40 IINVIUVAAD (EX€) 1981

80-300000062°0 €0-300000006°0

R Z4ERE] ST 33

XTYIVW WNOOVIC

Syouwu3 Svia WILTY OTQVY 30 IINVIEVAND T2x2) o089
: o T T T T T TRE=300000000°0

AC ELLECTRONICS DIVISION
|

T e : : e SE0RIEBRBSEREERRES S IRLRES OSSR

~ INANT "ININSSISSY IINVRYOIYId -
- T T ING 040°a39Na3y w1934 3Lvis
T T 3I9va 1 “ON NIFg ANIWSSISSY FINVWHOSYId NOTIVOTAYN UNV IINVOIND AWINT-IH .

3-45



N

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

"8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8¢£-300000000°0

8€-300000000°0

||| o *Z440 “Xx440 *X440 7440 A440

X440
xs2% LNINT 3IINVOIND

8€-300000000°0

8€-300000000°0 8€-300000000°C 8€-300000000°0 @€-300000000°0 8€-300000000°0 B€-300000000°0

8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 8€-300000000°0 = 8€-300000000°0

8€-300000000°0

T 8€-300000000°0 8€-300000000°0

8€-300000000°0 8€-300000000°0 8€-300000000°0

8€-300000000°0 9€-300000000°0 8€-300000000°0

8€-300000000°0 8€-300000000°0 8€-300000000°0

8€-300000000°0 €£-300000000°0 8€-300000000°0

8£-300000000°0 §€-300000000°0 ©€-300000000°0 €€-300000000°0 6¢-300000000°0 8€-300000000°0°
- - T 8€-300000000°0 8€-300000000°0
8€-300000000°0 20-366666666-0 <20-366666666°0 8t-300000000°0 02 300000001°0

SE2ESE SRS EE AR SRS

INdNT INIRSSISSV IINVWEOIYId

8£-300000000°0
8€£~300000000°0
8€-3G00000092°0
8€-300000000°0
§€-300060000°0

8€-300000000°0

8€-300000000°0C

€€-300000000°0

YVEIAWS - SY0UWT SVId INIWNJLISNI

8€-300000000°0

00 300000001°0

TIVHXWSY - JUVIS 40 31vW 1S3

* SEERBEREREEERELREEEEE AR EREEIERERE SR

TS 0L gINaTI¥ YOII3IX 31vIS
— 77 "INIWSSISSV IINVRE0IEId NUTIVITAVN UNV JONVOINT A¥INI=3d

§9 FWd T “ON N

3-46




AC ELLECTRONICS DIVISION GENERAL MOTORS CORPORATION %ﬁ)
[

3.3.2 General Initialization

3.3.2.1 Initilization Format

The initialization for the Nominal Trajectory Block and the Linear Systems Matrices
Block is accomplished in Blocks B. 1 and B. 2 respectively.

The initialization for the IMU Error Matrices and Guidance Law Matrices is
accomplished in Blocks B. 3a and B. 3 respectively.

The initialization for the performance assessment blocks; i. e. , the Actual Trajectory,

the Electromagnetic Sensor, the Navigation and the Guidance blocks is done in Blocks
B.4, B.5, B.6, and B. 7 respectively.
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3.3.2.2 Detailed Flow Charts and Equations
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Block B.1.1 Compute Cartesian Coordinates

INPUT: Ty Ao’ B Vo’ Yo A0

OUTPUT: X,Y,Z,X, ¥, 7

X =1r cosA cosp
o (o] [o] 0
Y =r cosA sinp
o] o o o
Z =r sinA
o o

X
o

- A -
Vo( cos 'yo cos Ao sin o cos “o cos 'yo sin A0 sin p.o + sin -yo cos 7\0 cos uo)
Yo = Vo(- cos 'yo cos A0 sin )‘o 8in “o + cos 'yo sin Ao cos ”o + sin 'yo cos 7\0 sinuo)

Z +
Zo = V0 (cos Y, 008 Ao cos }‘o sin Yo sin Ao)
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Block B.1.2 Compute Spherical Input Coordinates

INPUT: X,Y,z2,X,Y,%Z
o’ "0’ "o’ o’ "o’ Yo
OUTPUT: r,A,p,V,vy,A
o’ 0”0’ o "o’ ‘o
1, r =+/X2+Y2+Z2
) o o 0
-ero-
2 ¥ = tan P -mT<p =17
o X o
L O
3 A -=sin-1 i _.T_Tsx <
* o r 2 "o 2
[ "o |
4 vo=+/;< +Y +i
[xx +YY +zi'|
5. y =sin—1 00 0o 00 _gs_y =T
0 I_ r V J 2 o 2
o o
-sinu X +cosp Y
6 A -=tan.-1
‘ 0 —sm'y coqu -sin)x smp.Y +cos7x2

-TmT<A =
o
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Block B.1.3 Compute Unit Vectors (I_Jv U U )t - t

This block is the same as 1.2, 2 (Compute Aerodynamlc Forces) even though the only
quantities needed are L _l_Ip, yu

. . |
INPUT- EO, !O, p ’ ﬁ ’ R, S, CDO, CZ, C4, CNa, C3, Cs, a’ Cpo

o]
T DN )

1. Ve=+/54+¥+2°

OUTPUT: @v’ lJr,

<

=y
3. r=+ }(2+Y2+Z2

4. U =
=

5. v = gin > [U..y]

el L]

6. r =Vsiny
yr-gsin'y

=
“u cos ¥

8. U =UxXxU
P —"u -V

9. p = poe—B' (r - R)

2 4
10. CDBCDO+CZ¢1 +C4a

3 5
11. CN = CNaa +Caa + 05a

2
Vs
2. -C p 5=
. D --cp Gy,
V2$
13. N =Cop 5 (cos oU - sin coigp]

NOTE: (]_Jp)t - to = ypo, ypo is to be stored for later use.
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Block B. 1.4 Compute Reference Body Axes

: » U ;s ; : TP A KA
INPUT G5 ‘u)t=to F: Q0 Aogi Fgpi Byl Agi K3 Ay
OUTPUT: —I?Io’ XAo’ _1300, Az, A4, A5
A
1. U =10 i+U {+U k; m=v, p, u
=n mx — my mz —
2. [1 0 0 0 coso sin o U U
o 0 vx vy VZ
A_ =0 cosa -sinall0 -sino cos © U U
2 o] 0 px py pz
| 0 sin cos o 10 0 I_U
ux uy uz
- . . .
3. cos am sin alO 0 cos oz20 0 sin a20 10 0
A3 =| sin alo cos alo 0 0 10 0 cos a30 -sin 030
LO 0 1 -sin a20 0 cos azo 0 sin a30 cos 0130
4 A4 = A3A2
> l:,Io =
2 A
=Ao 4 1
R, k
o X
) . _ A .
6. sin Ao cos A0 0 |{sin Ko 0 -cos o cosy.o smpo 071 0 0O
A_=|-cosA sinA 01}|0 10 -sinpg _cosu 0|{0 O 1
5 o o o o .
0 0 1 ||cos 7\0 0 sink0 0 0 1110-1 0
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Block B.4.1 Correlated Initial Position and Velocity

Input: Mo(6x6), §*(to)(6x1)
Output: )_c(to)(le), §(to)(6x1)
1. M, is sent to the triangularization subroutine. Output of this routine is a

diagonal matrix DM (6x6) and a lower triangular matrix TM (6x6).

2. Using the noise generator and the diagonal elements of D__ as variances,
generate 6 gaussian random numbers with zero means.

3. Premultiply the vector comprised of the 6 elements by T__ to obtain 5(t()).

M
4. X(t ) = X*) + x(,)
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Block B.4.2 Correlated Aerodynamic Coefficients

. * *
Input: C Do’ C No’ 1Po(2x2)
Output: CDo’ CNa
1. Use the procedures described in Block B. 4. 1 to generated 6CD0 and
8C.. .
No
= C*
2 CD C Do + GCDO
= O*
3 CNa C No + GCNa
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Block B. 4.3 Uncorrelated Initial Conditions

Input: Mo(6x6), 2(_*(to) (6x1)

Output: X, (6x1), X(t )(6x1)

1. Using the diagonal elements of M, as the variances and the noise
generator, generate 6 gaussian random numbers which form the vector
x(t ).
=%o

= X*
2. X)) = X*¢,) + x(t)
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Block B.4.4 Uncorrelated Aerodynamic Coefficients

Input:

Output:

C*

C

Do)

C*

Na

C

Do’ "N«

s 1P0 (2x2)

Using the diagonal elements of 1P, as the variances and the noise

generator, generate 2 gaussian random numbers of §C

+ 6C

Do

and 5C

Na

.
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Block B.4.5 Atmospheric Density Perturbation

Input: 2P0 (1x1)
) :
utput épo
1. Using the noise generation and 4P as the variance, generate a gaussian

number 5po.
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3.3.2.2.7 Electromagnetic Sensors - Block B.5

No initialization required for this block.
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Block B.6.1 Navigation Initialization

Input: HSFG, TRFG, RAFG, IMFG, BSFG, M (6x6), P (2x2), ,P_(ixl),
3P, (8%3), B (7XT), ,B (TxT), ,B (1x7), ,B (3x3), ,B_(2x2), ,B_(15x15)

Output: APo(nxn), iH (var x n)(i=1, 2, 3,4, 6, 7), 30(3x1), (_ro(3x1), b (m-9 if
IMFG = 0, n-12 if IMFG = 1)

The overall dimension of the state vector and matrices and vectors shall be established
in this block by means of the bias flag and the flags used to call any of the 6 aiding
instruments. Throughout this document the instruments are referred to by the number
assigned to it below,

i=1 ground tracking system No. 1
i= ground tracking system No. 2
i=3 ground tracking system No. 3
i=4 horizon sensor

i=6 radio altimeter

i=7 IMU (inertial measurement unit)

The dimension, n, of the state vector varies from a minimum of 9, when there are no
instrument or IMU bias errors to a maximum of 34. This restriction of the maximum
dimension means that not all aiding instruments, including the IMU, can be used in one
computer run if bias errors are simulated since this would make the dimension of the
state equal to 53. The following vectors and matrices have at least one dimension
defined by n.

1. Al{(tk), A)_{(tk) and all other state related vectors are (nx1).
1

2. AP(tk), AP (tk), AM(tk) are (nxn).

3. iI-I(tk) is (mi X n) (i=1, 2, 3,4,6,7)

4, iK(tk) is (nx mi) (i=1,2,3,4,6,7)

th
where the mj has a magnitude equal to the measurement made by the i~ aiding
instrument.

i=1,2,3-TRFG=1,2,3 m. =4
i=4 - HSFG =1 m =3
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i=6 - RAFG = 1 m, =2
i=1 ~ IMFG = 1 m, =3

Table B. 6 indicates the form of the ith observation matrix jH (i=1,2, 3,4, 6,7). Each
observation matrix has n columns where n is defined using the following rules.

The X b', ¢, columns are always used.

k
If BSFG = 1, the ijd and jo columns corresponding to the aiding instrument
requested by the instrument flags are used.

If BSFG = 0, the jd and jo columns are not used.
The ¢ and 1 columns are used if IMFG = 1 regardless of BSFG.

The flags also define the structure of the covariance matrix at time t =ty, APy. This
is an input quantity and may be partitioned in the following form

B M_(6x6) 0 ~]
~— 0P (2x2) 0 -
~ - 0,P (1x1) 0 —
- 0 ,P_(3x3) = all zeros 0 —
- .0 .B (7TX7) 0 - e
N Yl o (())(73 )(7x7) 0 - -
270
- 0 ,B_(7x3) 0 —
- 0,B (3x3) 0 -
- 0 B @x2) 0——
5 0B (15 x 15) 0—=]

Because the dimension of the state is restricted to 34, not all of the above submatrices
can be used simultaneously. When a matrix is defined, however, it has the relative
location indicated in (1) above with respect to other matrices which are present. Four

rules analogous to th se defining the n dimension of the observation matrices are given
below,

1. M,, lpo’ 2Po are always used corresponding to a minimum dimension of 9.

2. If BSFG =1, the iBo corresponding to the instrument flags are used.

i=1,2,3 - TRFG = 1, 2, 3 respectively
i=4 - HSFG =1
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1
1

i=6 - RAFG
i=7 - IMFG

i

3. If BSFG = 0, the iBO (i=1, 2, 3,4, 6) are not used.
4. I IMFG =1, 3P0 and 7B0 are used regardless of the BSFG value.

Table B. 6 showing the construction of the observation matrices is shown on the next
page.
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Block B. 6.2 ~ Set up Constant Random Variable Bias Errors

Input: B , .B (i=1,2,3,4,6,7)
i“o0’ i o

Output: b ([n-9]) x 1 if IMFG = 0 or ([n-12]x 1 if IMFG = 1)

When B0 is set up in Block B. 6.1, i.e., when BSFG = 1 and/or IMFG = 1 the appro-
priate 'bias vector, b, must be generated.

4| ax
4 | axy
A | ax
b = 2 | ex
2 | @ex1
| e | (sx)

The components of each subvector are generated from the gaussian noise generator using
the statistics B . When B is nondiagonal (B = 1), the matrix must be factored into
a diagonal ma%rlx and a lolwer triangular matrix as indicated in Block B.4. If the

matrix is diagonal (iBoo = 0), the diagonal elements are variances of the components.
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3.3.2.2.8 Initialization for Guidance - Block B.7

No initialization is required.
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3.3.3 Output - Block C

The output of this program consists of the data which is stored on the output tape,

tape 4, and is printed by the tape edit routine. During some operational modes of the
program, i.e., when generating only a new nominal and/or guidance law or IMU error
matrices, the only output is the supplementary data which is stored on the output tape.
Certain data is printed "on-line" for the convenience of the user so that he may observe
a subset of the output during the operation of the program. This data consists of
position, velocity and trajectory constraint data which can be used by the engineer to
follow the progress of the program during operation.

Each block has a rank number assigned to the output from that block which specifies
how much data is desired for print from the tape edit routine. It is possible, there-
fore, to print a small amount of data for a run and save the output tape for further,
more extensive tape editing if this should prove desirable. Rank number assignment
is described in detail in paragraph 4. 9.

The tape edit routine is described in detail by means of flow charts in the following
pages. The format of these flow charts is somewhat different from that of paragraph
3. 3.2 and 3.4 because they are slanted primarily to the needs of a programmer. A
summary of the function of each of the subroutines is presented in paragraph 5. 2.
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Print Convergence
Warning

!

IERR = 1ERR - 10

Print: 1st
Eigenvalue Negative

Print: 2nd
Eigenvalue Negative

Print: 3rd

-

Eigenvalue Negative I

EIGVER

GENERAL MOTORS CORPORATION <B,C\'j>
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Print Full Matrix ouT

Print XMAT*X
Submatrix

Print XMAT*1
XMAT*2
Submatrices

Print XMAT*ETA
Submatrix

EXERP
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AN

LN
<

(-

Il
[=1

Print XMAT*D1
Submatrix

|

9

Print XMAT*D2
Submatrix

9

Print XMAT*D3
Submatrix

#0

9

Print XMAT*AL4
Submatrix

#0

G

]
(=}

Print XMAT*ALS5
Submatrix

|

—] = B = &= &=

0 Print XMAT*AL6
Submatrix
= J
40 Print XNMAT*EP7
Submatrix

|

ouT

1
(=3

EXERP ~ 2
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)

rint T*C, DELT*C,
WU*O, WX*O,

Print WCU
Using INUT

Print WP*CX
Using INUT

OuUT

GLAIN
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IN

Print DELCR,
DELH, NOMINAL
PHASE

ITIM Otherwise

21, 3

Print Trajectory
Initialization Data

. ¥

Print Trajectory
Comparison Data

Print Data From
Actual Trajectory

Otherwise

Print Two-Body
Skipout Calculations

IACTRA
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PN

START

Preset
TIMFLG = 0

Read In Block of
Records Using Sub-
routine IREREC

1000

« Set TIMFLG = 0 »

Print Error Info Print

4 Using Subroutine End of Tape STOP
SPEMES Message

30 Update TW and
BLKFG | Find TR Using Sub-
routine IFINT
=5

Process Input Data
Using Subroutine
INPRT

NOTE: Subroutine IFINT Sets
TIMFLG # 0 if the Next
Block of Records Has
Already Been Read-In

IEDT
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@(re'et OBKFG, ' m»

30

« p— » ‘@’ -

TN = TR
TIME = TN Yes

I for
TIME « TN

Yes
@
No

Augment

Small T*W
Decrease
Small T*W

IFINT

I 'I'IME = TZERO
Find Subscript Subscrlpt =1
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Read in Block of Record
Using Subroutine

IREREC
=14
NBKFG
>14
Print Special Message Read-In Block of Records|
Info Using Subroutine 8] Using Subroutine IRGREC
SPEMES

Read In Block of Records
Using Subroutine IREREC]

=14
NBKFG
> 14
fn;intjjf:gc‘::br:::ze Read in Block of Records
Smmmanny
SPEMES Using Subrouting IREREC *@
IFINT ~ 2
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Print Error Note _
for Substituting Closest ouT
Print Time

Set
TIMFLG = 1 OUT
IFINT ~ 3
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No

Yes

Print Cost Index

20

Print Control Vector
With and Without
Noise

and PREIG

Compute and Print Eigenvectors, Eigenvalues,
Volume, Trace of Submatrices M*1, M*2 of
Matrix AM*C using Subroutine MATCAL, EIGVER

43

Print Extrapolated
Offset Vector
CAPCPP

Print Matrix AM*C
Using Subroutine
PRTL

'

Print Matrices LAM*C
and PI*C Using
Subroutine PRI,

IGID
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<3
ouT

Print Matrices PID*C, PHIC, C-1, BC,
C-1, CC, C-1, GAMC, C-1 using subrouting

PRTL

Print CGAM
and CPHI

ouT

IGID ~ 2
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%

)

Print Control Weighting
(WU) Matrix Using Sub-
routine PRTL

Print State Weighting
(WX) Matrix Using Sub-
routing PRTL

ouT

IGILA
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IN

Print Matrix CAPC
Using Subroutine
PRTL

Print Matrices
CAPG11l, CAPG21,
CAPG31 Using Sub~
routine PRTMTL

Print Matrices
CAPG12, CAPG22,
CAPG32, Using
Subroutine PRTL

ouT

IIMU
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IN

<3

RANK (2)

=3

Print F1(T), F2(T), INF211, IIIF221, IIIF 231, IVF211,
IVF221, 1VF231, E2(T), IIE211, IIE222, IIE232, E3(T),
[E311, 1IE321, IIE331, E4(T), IIE411, IE421, HITE422,
IIE431, IIE432, PSIDOT, CPHI., BDOT, CDOT, GAM1,,
F2PHI, E3CPHI, EP41, EP51, EP61, PHIP0. Using
Subroutine PRTL

70

Print Matrices A6, AGINV Using
Using Subroutine PRTL

ouT

=2

Print Matrices BPP-1, CPP-1, GPP, AJP,
2JP, 3JP, GAMP Using Subroutines PRTL
and PRTMTL

ILISYS
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y

(( Print TROMG, DELTIM, EPII ))

Print Matrix M*IMU
Using Subroutine PRTL

3-88




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION g%c/\/;}

Print TRINC
and Diagonality
Flags

Print Covariance
Matrix of Initial State
Using Subroutine
INUT

Print Covariance
Matrix of Aerodynamic
Coefficients Using
Subroutine INUT

Print
Observation
Intervals

Print
Tape Write
Intervals

ouT

INACT

3-89



AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION <Bé\’\7>

IN

Expand Input
Array Depending
On DIMFGN

TIME No
=TZERO

Yes

Print Instrument
Bias Errors

RANK (6)

->1

Print
State Vector
SMX*K

30
Print SMX*DIF, SMXTIL,
SMXHATP, SMXHAT

)

Print SMZ
Using Subroutine
INSTRU

$

Calculate and Print Eigenvectors, Eigenvalues, Volumes,
Trace of Submatrices P*X1, P*X4 of Matrix AP and

Submatrices PP*X1, PP*X4 of Matrix APP Using > ( : >
Subroutines MATCAL, EIGVER, PREIG

INAV
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=1
RANK (6) OUT

>1

Print SMY, SMDY Using
Subroutine INSTRU

!

Print PHIK, K-1 Using
Subroutine PRTL

<3

RANK (6)

> 3

« Print CPHIK, K-1 ))
110 i

Print Matrices AP,
APP Using Subroutine
EXERP

ouT
Print CAPS and
Difference Equation
Coefficients Using
Subroutine PRTL
Print SIGK, CGAM ouT

INAV ~2 3-91
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N

Preset Maximum
Times for
Tables
Print Instrument
Flags and
MINFG

.

9

#0
Print
Ground Tracking
Input Data
278 =0

0

#0
Print Horizon
Sensor Input
Data

31

Print Radio
Altimeter Input
Data

(=]
“He
(=]
"
(=1

Print INMU
Input Data

INEMS
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)

Print OFFX, OFFY,
OFFZ, OFFX,,
OFFY., OFFZ,

INGID
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? .

Preset Page Number
and Update Case Number

.3

Read In Input Case Using
Subroutine 193

50

Print Input Card
Format Error
Message

60

Print End
of Input Data STOP
Message

Print Main Heading

o]

Advance Tape Using
Subroutine IREREC

« Print Run Number ))

85 95

Advance Tape Using
Write No Print Message Subroutine IREREC "

£0

(( Print Input Data

Fragmentize
PRINCO Into Rank
Numbers

ININ
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IN

Y

Printi SIG, i=1, ..., 7 and
Diagonality Flags for Instrument
Input Bias Error Covariance
Matrices

Y

Print Instrument Input Bias Error
Covariance Matrices Using
Subroutine INUT

Y

Print Estimate of State Vector ~
ASMXHAT

Print Instrument Bias
Errors — SMBBAR

ouT

INNAV
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)

Print PHIROL, DELPHC, DELRAD,
RDOT, RDDOT, R, THETA,
PHIPOS, V, GAM, BETA, NEXTTS3,
DMAG, NMAG, Q*C, Q*R, PHASE
NO., PHIPC

INOTRA
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Save IMU
Input Data

Read In Edit Input and
Print Along With 131
Program Control Data
Using Subroutine

NN

Print Nominal Input
Data Using Subroutine
NOMIN

RANK N0
36

=0 Print IMU Input Data
Using Subroutine
IMUIN

Save NOMINAL
Input Data

24

Print Nominal Input
Data Using Subroutine
NOMIN

INPRT
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N

Save GLM
Input Data
Print Nominal Input Print Nominal Input
Data Using Subroutine Data Using Subroutine
NOMIN NOMIN
Print IMU Input Data - Print IMU Input Data
Using Subroutine IMUIN Using Subroutine IMUIN|
RANK (3)
46 52
Print GLM Input Data Print GLM Input Data
Using Subroutine Using Subroutine
GLAIN GLAIN
—
54
Print Performance
Assessement Input
Data Using Subroutine
PAIN

our

INPRT ~2
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Set 1 =1

Instrument
Flag

30

Print '""No
Observation'' Messag
for ThisInstrument

Print XMAT
Vector For This
Instrument

I=1+1

INSTRU
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)

Expand Matrix In
Input Format To Full
Matrix

Collapse Full Matrix
To Output Format

OouT

INUADJ
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Print Heading

Print Print

Disgonal DEp INDEP Diagonal
Elements Elements
=0 a0
#0 #0
Print Print
Off-Diagonal Off-Diagonal
Elements Elements

l

ourT

INUT
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N

)
l

ReadInA Record

Continuation

Flag ouT

ReadIn A Record

Delete First Six Words
and Amend New Record
To Previous Record

70 =0

Continuation

W

IREREC

ouT

3-102




Print
General Tracker
Information

300

Print

"No Observation"
Message for

EMS Block

Print Nominal and
Actual Measurements
Using Subroutine
JINTL

Print Instrument
Covariance Using
Subroutine ZTINTL

1

Print Observation
Matrices (HA)
Using Subroutine
ZIINTL

£0

Print Observation
Matrices (HB) Using Sub-
routine ZTINTL

p——

ITEMS
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Print "No Observation"
Message for Horizon
Sensor Using Subroutine
ZETAL

Print Horizon
Sensor Heading

l

Print Nominal and
Actual Measurements

1
RANK (5) >

#1

Print Measurement
Covariances Using Sub-
routine PRTMTL

!

Print Observation Matrix
(HA) Uceing Subroutine
PRTMTL

200
SSFG

#0

Space Sextant ~
not Used in this
Program

ITEMS ~2
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G _ZV\=°
B > RAFG
#0
=0
#0
280

Print Radio Altimeter
Heading

!

Print Nominal and;

Actual Measurement

Print "No Observation"
Message for Radio Alti~
meter Using Subroutine
ZETAL

=1
RANK (5)
#1

Print Instrument
Covarances and Observa-
tion Matrices Using Sub-
routine PRTMTL

290 -0
IMFG
70

Print IMU Heading

'

Print Nominal and
Actual
Measurements

=1
RANK (5)

#1

Print Instrument Covar-
iances and Observation
Matrices Using Subrouting
PRTMTL

Print INTG Matrix Using
Subroutine PRTMTL

ITEMS~ 3
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Ensure Input Matrix
XMAT i8 Symmetric

'

Find Eigenvectors and
Eigenvalues Using
Subroutine EIGEN

Transpose the Matrix
of Eigenvectors

Take Square Roots of
Eigenvalues and Set
Error Flag IERR for
Negative
Eigenvalues

:

Compute  Volume

Compute
Square Root of
Trace

Check for
Nonconvergence and Set }|

Q/\/\Q

IERR Accordingly

—

MATCAL
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Print Flags
TRINP, TRPTISE,

TRSBCL, TROPGN,
TRAC C

Print Trajectory Data»

Print Vehicle Data ))
Print Physical
Environment Data
Print Program
Control Information

ouT

QQ@/\

NOMIN
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Print Actual Trajectory

Input Using
Subroutine INACT

Y

Print EMS Input
Using Subroutine
INEMS

Y

Print Navigation
Input Using
Subroutine INNAV

'

Print Guidance
Input Using
Subroutine INGID

Y

Print Title Page
for Performance
Assessment Output

ouT

PAIN
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IN

'

Print Square Root of
Eigenvalues and Associated
Eigenvectors

ouT

PREIG
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Blank Out
Hollerith Area

Print Matrix
Using Subroutine
PRTL

ouT

PRTMTL
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Preset Column
Counters:

KL (1) =1 wherek1,
7 Kl=KL (1)
K = KL (7

Print Zero Matrix

Diagona
Matrix

Print
Diagonal Matrix

Write Matrix
Heading

SetK = N

'

Print
Column Numbers
(KL (J), J=1, L

'

Print M Rows of
Elements for These
Column Numbers

Set
L= K-KL (1) +1

—d &=

—
v

Reset Column
Counters K(I)= KL(I)

+7
K1 =KL (1)
K=K (D

PRTL
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Print Special

Message Codes

a Normal Print

Trajectory Info

Yes

ime Poi

Actual

Required for

« Backspace Tape ))

'

Print Actual Trajectory
Data for This Time
Point Using Subroutines
IREREC and IACTRA

ouT

SPEMES
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IN

Print ""No
Observation
Message

ouT

ZETAL
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IN ‘
< Yes and I>1) or (TRF
=2andI=3)or
TRFG= 0
14
Print "No
g Observation"”
Message
13
Use
fg—— Vector
Format
Use
Matrix
Format
ZTINTL
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3.4 BASIC COMPUTATIONAL BLOCKS

3.4.1 Nominal Trajectory
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3.4.1.2 Detailed Flow Charts and Equations
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Stored Output
Fo: Flv Fz (pc
t, Ty, sign

2
- - ' - '
9o = Fy +F (=T )+ Fyt-T))

]
c 0

Yes

= [
¢, = sign, ¢

<
,«
A

Block I.1.2 Skipout Control

3-120




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %>

UOHBIS[AIOY
omdwo)

€°2°1

21 3oold - sotwmeudq Z°'Z°1°¥°¢

830104 Oyureudp

221

o)

-0x3y ndwo) -

o amduro)

1771 “
|
|

S 03 ‘W W

ﬂ& ‘® mnv .ﬂo .azo

27 ¥5 35 w0y

ﬁl—u .ﬁ.:d ..—a s .-Q .QQ

ﬁlg .03 sn .s&
pomdwmo) poxog

3-121



N

X

GENERAL MOTORS CORPORATION

AC ELECTRONICS DIVISION

& ondwo) - 1z ' joorg

(U R LR e PN 7

[STVY Y

==

ageloale

g oy 1-18m
Jo spmruleig pwry

I 110y by 1-P

ag+ Tl - 190, _ 1100,

-h % %
‘I~ % ‘l
pendmo) g

3-122




AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %>

Block1.2.2 Compute Aerodynamic Forces

. '
INPUT. _I:, ‘_’, po’ B ’ R’ Sl Cm’ Cz’ C4’ CNQ, C3’ c5’ a) Cpi
OUTPUT: vu,uU,u,D N,
v’ =1’ “po’ =’ —
1. Vet SR+ ¥+ 22
v
2. L=y
3. r =+A/X2+Y2+Zz
r
4. U =s—
“r r
5 -ycsin-l[U.U]
s e
6. r = Vsiny
U ~-U siny
7. U = —F
=u cos ¥
8. U =U=xU
P —u -v
- -
9. p =p o B'r-R)
o
2 4
10. CD= CD0+Cza +C4a
3 5
11. CN =CNa+ C3a +Csa
v
12. D=-Cp > U
st
13. N= CNp e [cos mi_l_lu- sin q)iyp]
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Block 1.2.3 Compute Acceleration

INPUT: D, N, M, R, g_
OUTPUT: a,a,a,X ¥, Z, a,f
x* %y “z = =
1. a = (DX+NX)/M
2. a =D +N)M
y (y Y)/
3. az=(Dz+Nz)/M
R .2
4. g =g, ()
X
5. X =a -g3
Y
6 Y =ay—gr
Z
7 2 =a -8
A s .. .
8. a =Xi+Yj+Zk
9. i 2

+a j+
ax_i_ ay_l azl_<
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Stored Computed
TRACC, TRPHSE| s, U, V.
‘TRSECL, r L, ¥,
ty, Omgx. . poope
r.. teNp e roa

m v,
v
Vv

(=)

NEXTTI, NEXTTS

Block I.3.1 Compute NEXTT3 and NEXTT4 in Phases 1, 2, 5, and 6
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3.4.1.2,4 Integrate - Block I.4
Input: X,Y,2Z f*3x1, q; En’ Y(t,tp_l) (6 x 6),
cQ(t’tp—l)’ E2(t)(6 X 2), E3(t)c§(t:tp_1)(6 x 1),
E,(t) 6x2), B(t) (6 x 2), C(t) (6 x 1), I't) (6 x 2)
F2(t) & (t,tp_l) (6 x 6) {Only the non-zero elements of the above matrices

are integrated. }

. L4 . t
Output: X,Y1%2X,Y, 2, Li‘ dr @x1),Q, En
(o]

t
Yt NEx6), it )axD, j; Gt )T (1 x 1)
p-1

t t .
L E,mdr@x2, [ E,m &, t,_p dr € x 1),

p-1 p-1

t t . t,
[ E,(T) d 6x2),[ Bmdr¢x2,] Cmdr@6Ex1l,
t t t

p-1 p-1 p-1

t t
[ Tdarex2), Fy(1) &(T, t_,) 47 (6 x6)

p-1 p-1

t t .
[ F,(t) §(t,tp_1) | B drat (6 x 2

tp-l tp-l
t t
[T F, §(t,tp_1) [ cmdradt@x2
t1 t1

t t .
[ F, () i(t,tp_l) [ Tmdrdt e x2)

t1 t1
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The integration routine uses a fixed step size which is input to the program. The
input specified above constitutes a partial set of the integrands which, along with the
initial conditions, are required to determine the integrals listed in the output. Soms
of the integrands consist of the output of the integration routine (e.g., ).(, '§', Z is
output from the integration routine and is used as input to obtain X, Y, Z). The
integration equations used are the Gill equations listed below.

(CV I L '
Y =Y ALY Y)]

1 2-42 At

D)y
. = Y ) - Y, )]

3 O - Yl(i)1+ (%E) sty ¢+ S, ¥®@

n+l 2 * Ypi1l
- At [Y' (t+ 9‘2-5, Yl(:'_)l] + (1—:2—12) At [Y' (¢, Y )]

4 _ 3 1 ' (3)
9 Y =Y H ALY Y)Y+ ALY )]

- (_2%[2) at [y @+ o, ¥

1
s AR ar gy s AL, 1@

- v®
n+l Yn+1
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3.4.1.2.5 Attitude - Block I.5

INPUT: @ e U Uy Uy By po Boor b bg
OUTPUT: al, az, a3, wPI’ wYA’ wRO
21 1 0 0 0 cosop sing lJv
XA = 0 cosa -sina 0 -sinep coso yp
RO 0 sinae cosa 1 0 0 U
= =u
P.Y
a. = tan 111 “Ao -T<a,<T
1 P 1
=1 ~Io
1 I n
@y =sin " [F. R, | T2 % %3
Y, -R
oz3==ta.n_1 A Do -M<ag s
R, - Ry,
- N
o -oni” %1y
S RS
a,. -a
. 2i 2(i-1 .
Q@ = - a. =a, =a, =0
- 2 3
2 t-t 1
o o3 %3
L S )

wRO = CO8 02

OJYA = CO8 02

w =—sma2(a1)+a

PI 3

sin a3(oz1) + cos a3(a

GENERAL MOTORS CORPORATION %>

cos a3(a1) - 8in a3(a2)

5)
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Block 1.8.1 Compute Evaluation Equations (Set 1)

INPUT:
U CH, RN, Pr Py Bs By Cel’ Ce2, 45 9 kﬂ Py Vv, r, Ei
OUTPUT: q, E, a
S n
C
. : S n V m
1. = £
q, JRN (po) (m)
2 f == <1.73: q. ~q; C . =C
: JETr AN Skt ] e

Hm21.73: q2—’q; Cez—'ce

p q
3. -
q. = kR t&) HCV
4. = +
qS qc qr
v a2 + a2 + a2
5. al! = Y z
ge
6. T =E +E (a') + E (al)z + E (a')3 +E (a')4
o ™1 2 3 4
7. E' =L
n T
8. Is 13:;1 < 0. 0008?

a. Yes: E = 0
n

b. No: E = E!
n n
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Block 1.8.2 Compute Evaluation Equations (Set 2)

INPUT: X, Y, Z, X, Y, Z,f r, g, R, A, (3x3)
OUTPUT: 8,6 B, a', h
1. r, =A5£
2 Vi=4Y
-1 Zt
3. 8 = cos [—-]
r
a. IfYtZO then 0 <@ <™
b. KY <0 then m< @ < 2m
X t
4. ¢ =tan }| =t -m<¢sm
Y
t 5
: Xt+Yt
a. If—r— <0.015 then ¢i=¢i—1
ey
-t = 4t
b. If — >0.015 then ¢, = ¢!,
. =tan_1[ ci)s ¢Xt-sm $Y,
) A cos @ sin ¢ X, + cos 8 cos ¢ Y, - sin 8 Z
6. at =f—
Be
7 h = (r-R)

] -m<B<T
t
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3.4.2 Linear System Matrices - Block II
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3.4.2.2 Detailed Flow Charts and Equations
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® .
3.4.2.2.1 Forma(t ) @c](t, t ) BlockIL.1
Input: Yt lf (6x6), 3¢t 1?(1::1)
Output: Bt )(6x6), B T(t,t Sx1), 3 ‘.t )S(6x6), Bt .)°(6x6
p . 9 p_l) £ c 1) p_l) )! 9 p-l ( )! Cc 9 p_l) (x )

-1 AT S
1. 3 (t,tp_lf vt )

-1 -1
2. @(t,tp_1f=[§ (t.tp_lﬁ

-1 8 s.~1
3. 0§ (t9 tp—l) = [(? (t’tp-l)]
5 S
s
T tp—l) Al I‘i’s 1 ‘fs
mY Y
8 s S
5. 3¢t,t_ ) 2 13 me
p-1 s s
mé e
. Note: In equations 4 and 5 the submatrices are of dimension 3x3.
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()7 emdmop

A

(zx9) M}

(tx9) o

(zx9) %

(9%9) %

(9x%9) @'
L0dLNOo

@) ®a endmop
y'31I

()% emndumoy
€21

»)°1 eyndwop
2°'2°'1

*— ()'4 omdmop HALNA
12°'0
S . N
0 ‘"0 0
5 %5 Cap ‘w
&g AN b al mgud d
aaLAdNoD ace: (ONRS
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Block II. 2.1 Compute Fl(t)

Input:

Output:

r, e)q’rvyy!B!posﬂ',RsS)a;C c.,C,C C C

D’ "2”"4"°N "’ 738 75
o o

F_(t) (6x6), D, N

1.

.V
e =7 cos Y cos B

4) =Vcosxsin§

r sin ¢; = ¢,_, if sin 6 <0.015

cot B8 = 60 if sin 6 < 0. 015
sin 6 = 0.015 if 6 < 0. 015

2
D = C oV 8/2

2
N = Cy V" 8/2

N F oy
Fl(t) = ;i ¥, are 3x3 matrices

mF, wF; i=1m, I, IV

[y

¥y

f1-11 “f1-12 " f1-13 = 0
f1-21 = /7

f1-22 = ff1-23 = ©

_J,/r

r'1-31

II1—32

f1-33 =0

—écots
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7. :
IIFl'
nfy-11 =SB
I[f1—12 =V cos vy

mf1-13 = °

IIf1—21 = cos vy cos B/r = B/V

IIfl—22 =VrsinycosB = -tany 8

V .
I[fl—23 = —;cosysinﬁ = - ¢ sin B
Ccos vy sin :

IIfl—31 ~  rsin 9 = ¢/V
;Vsinx sin B8 -4
r1-32 T sin 6 ¢ tany

__f
Il'fl—33 ~ sin A
8. .
IIIFl'
_2gsiny
mf1-11 T or
mwi-12 = mi-13 = ©
_2gcosy V
mr1-21 v g ©08Y
r
0

mi1-22 = mrii1-23 =

£ ¢ cos B

m1-31 r

IIl'fl—32 = - ¢/sin B

mi1-33 = ©
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9. F_:
Iv'1

wi-1 = w

vil-12 =~ 8CSY

_E cos ¥y
vi-21 v2 cosy +—

f 0

1-13

vii-22
23 = 0

- g' cos f
IVf1-31 A"/

V_E g
- (- 5y siny

IVf1-32 = - ¢ tany cos 8

rv_f1-33 = é cot A
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Block I1.2. 2 Compute, Fz(t)

Input: ﬂ's P, Dy N’ M7 ®, v
Output: F2 (t) (6x6)
A IF2 HFZ in are 3x3 matrices
L F0 = [sz IVFZ] i=1 0 m Iv
2. 2" pfe=0
3 IIIF2:
. B'D
me-11 = M
mi2-12 = mriz-13 = °
=-p N cos o
me-21 MV
mi2-22 = mfa-23 = ©
- . sin 'N
mre-31 MV
mi2-32 = mrig-33 = °
4. re
D 2
wiz-11 = "MV
viz-12 = 1vie-13 = ©
Ivf - N cos o
2-21 " 2
viz-22 = rviz-23 = 0
Nsing - -
vi2-31 = v v'z-32 = vie-33 = °
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Block II. 2. 3 Compute E2 (t)

Input:

Output:

D,M,C

Do’ Cz’ C4’ m’ p, S’ V’ a

E, (1) (6x2)

2
Ez(t) - [ iE2 are 3x2 matrices

2 i=1, I
E, =0
HEZ:
e = - —Q . 1
2-11 M 2 4
(CD +Cza +C4a )
(o]
mt2-12 = 0
n2-21 = O
= o COSQ
n°2-22 oM P SV
n®2-31 = 0
a sing oSV

m2-32 = 2M
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Block II. 2.4 Compute E3(t)

Input: D, N, o, Py vV, M
Output: E3 (t) (6x1)
IE3 iE3 are 3x1 matrices
Eq®) = | oF3 i=1, 1
IE3 =0
s
o, . =-2 L
I 3-11 M p
[}
e _ N cos 1
I3-21 M V po
N sing 1
e e p
II1s-31 M V o
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Block II. 2. 5 Compute E 4(t)

Input:

Output:

M, C Cg, C5, @,p, V, 8. 00, N

N 1}
o

E, () (6x2)

IE 4] iE 4 = 3x2 matrices

1. E) = [HE4

i=1 I
2. [F4=0
3. 4
1 3 .2
m4-11 =~ M(Cza+2C4a v:s
n4-12 = 0
e =89 o« i3ca®+5Cat Vs
md-21 " 2M(Na 3% 5% P
e =-Nsing
o°4-22 MV

sin o 2 4
IIe4-31 = oM (CNa +3C3a + 50501 VS

- N cos o
m°4-32 MV
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S

jusmIaInsBaW
pere[ay
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aindwo)
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(gx9) .1
(1x9) O
(zx9) &
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. Block I1. 3.1 Compute State Transition Matrix
Input: r, h, c<§(t, tp_ 1)s(lxl), F 1(t) (6x6), F2 (t)(6x6), Y(t, tp_ 1)S(6x6), hp
Output: RIS 1)‘s(1x1), Yt J(6x6)

: __lr]
1L 3¢, tp_ljs- 3 RI tp_l)s

2. g tp_l)s= I

. T S
3. Y, tp_lf = - [F 0+ F00] ¥t )

y=1

4 ¥ gty

Note that the partitioned matrices [ Fy and ;{F, (defined in Block II. 2. 2) are composed

of zeros and that 6 of the 9 elements of IF (defined in II. 2. 1) are zero.

@
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Block II. 3.2 Compute Difference Equation Integrands

Input: E, ()(6x2), E4(t)(6x1), E,(t)(6x2), ¥¢, tp_l)s(6x6), K1 tp_l)s(lxl)
Output: B® (6x2), C°(6x1), I"°(6x2)
. B® =51t ) E.@
) *p-1 2
°S -1 s s
2. C =1 (t,tp_l) E; () c@(t,tp_l)

) -1 8
3. T =29 (t,tp_l) E4(t)
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Block II. 3. 3 Compute Acceleration Related Measurement Integrands

Input: F, (1)(6x6), 2(t,t (6x6), Eg((6x1), 3t (1x1)

p-1 -7

Output: F, (1) &, t 1)~°(6x6), E, () 3¢ - 1)S(exl)

s 0 0 ]
L Fyl) 3t [
[F 6 (D] P d * (yF oy

S_ 0 S
2. Egt) 3t ) = . RICEN

Notice that the top 3 rows of both of these matrices are empty (i.e., elements equal
zero). They need not be computed and should not be sent to the integration routine.
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o d
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(x9) 1p 0}
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d € HIQ d . 1
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. Block II. 4. 1 Compute Difference Equation Coefficients
tp .5
Input: 8t ,t_ Jexe), [ B°dr (6x2)
p p-1 t
p-1
t 1
[Ph 5 ar (exy)
p-1

t
ft" r° dr (6x2)
p~1

t -1 s
Bt o) (1x1),f Q& (nt ) dr

p—
8 S S
Output: B 6x2), C 6x1), r 6x2 1x1
p p,p-1< ) p,p-l( ) D, D 1 ¢ ),cp’p_l( )
s tp .S
1. B =8t t B® dr
o1 = 3 |7 BT
p
S P b
2. C =8 t c® dr
. po-1 " 2% ﬂ 1
p-
s p *S
T = 8(t ,t I‘ dr
p,p-1 (p p-l)f 1
p-
re =t PP it )% ar
C plp—l p P-1 { ! p—l
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Block II. 4.2 Compute Acceleration Related Measurement Coefficients

- -1 .
Input: aJZ-1 (6x6), & 1(tp, t 1)S (6x6), (& (6t ) (1x1),] ;ls(t) dt (6x2)
t
I, o Fy) 3¢, t_,) Sat (6x6),2  6x2), BE, t 1)S(fsxz), ftp Ce)°dt (6x1)

p-1 p-1
t
p 8 s 1S s s
[ N0 Bt ) [, Bey drdt 6x2), J_ (6x1), CEt ) (6x1),
p-1 p-1
t 8 t:p s b - &8
I, P g 3 (Bt ) dt 6x1), [P F,0 ¢, by f, C(m drat (6x1),
p-1 ¢ p-1 p-1
ftp I t)°dt (6x2)
p-1
. t t
Tt ) 6x2), f" E, () dt (6x2), J'p F, ) 8t l)s{ T (1)°drdt (6x2),
p ¢ p—1 p—l p-1
J‘tp E, (t)dt
p-1
Output: (6x6), 2, ® 6x2), 3J (6x1), v (6x2)

Note: The top three rows of the following matrices are empty (i.e., the elements
are equal to zero).

s -1 s t s -1 s
1. aJp = aJp_1 ) (tp, tp_ Dt ft F,(t) &, tp_l) dt & (tp, tp_l)
p—l
t
S .
2. Iy = 2.12_1 . p_lfp Bdt+fp E, ) dt-fp F, ) 8.t 1)Sdtftp B ) dt
p—1 p—l p—l p-1

t ¢
+IP Foyee,t )°1  B(midrat
t 2 p-1 t
p-1 p-1
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s_ .S s

f
3Jp-3Jp_1 ap—lf C dt @ ( )

f-1 o1

S

p S -1
+ ft E () 8¢ tp_l) dt c@ (tp,tp_l)

p-1
t s t * .S -1 S
- ftp F, () 8.t ) dt ftp Ciyde & ¢ .t )
p-1 P -1 PP
t s ,t S, .S -1 S
+[p F, () Q(t,tp_l) ft C(r) drdt & (tp,tp_l)
t p-1
p-1
ve = - fprdt+fp E, () dt

p a p-1 tp__1 p-l
t
[P P et )at [P Toa
t 2 p-1 t
p-1 p-1
¢ s g s
+1P F ) st ) T(mdrat
t 2 p-1 1
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)

Block II. 4. 3 Compute Q(tp, to)

Input: 3t t 1)5(6x6), L{UNY to)s(6x6)

Output: @(tp, to)s (6x6)

S
Lo, t = Bt tp_lfé(tp_l, t)
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d
(1x9) mh.m
d
(zx9) mna
ds
(oxg) gp
-d'd
(zx9) oI
1-d*‘d
(zx9) Tadp (rxo) I n.mo
(zx9) R
d 1-d«d o
(zx9) A (1x9) o (ox9) (1 9s
1-d d
d ~-dd X ¢
(1x9) I (zx9) I q o wu ! >c.w
d o - =
(zxa) % (ox9) (NCps g ‘L ‘A
des -d d L
(9x9) e (oxo) (T 3%e ¢ ‘g ‘a .“». x (gxe) Ty
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Block II. 5.1 Compute Transformation Matrix |
Input: A, (3m), 1, V, 1,V 1,0, V.7, B
Output: Ag (6x6), A;I (6x6)

(Note: elements not computed are equal to zero.)

*1 %-11 %6-12  %6-13 " %6-16 1
X, X,
1. 3 |a *3
4 %4
%5 %5
_ L L -
x6 . a6-66 ~ x6
Spherical Cartesian
cos2 B (-sin ¢Xt- tan B cos 8 cos ¢5(t + tan B cos A sin ¢ Y.'t— cos q:Yt)
2. Ce = cos f sin ¢ X, + cos A cos ¢ Y, - sin 8 2
t t t ’
sin 8 cos B (sinesin¢5( + sin 6 cos ¢Y.' +cos 0 Z
3. Cc = t t t
7 cosesin¢5{t+cosecos ¢S'{t—sineit
2
4 C = cos B (cos ¢ - tan B cos B sin ¢)
cos O sin ¢5(t+cos 8 cos ¢Yt - sin 8 it
5 fo) g__cgizﬂ(—sin¢—tanBcosecosg)
¥ cos esin¢5{t+cosecos ¢i’t-sin9it
2, .
6. C = cos B sin ftan B
10

cos B sin ¢f(t+cos 8 cos ¢i’t- sineit
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86-11

86-12

HIN ..,|F4 %IN

36-13

86-21 =

1
r sin 8

= (X €os
f6-22 r

1
r sin A

(—Z' cos
%6-23 r

2
a _Co8 ¢ @

6-31 Yt

- co:s2 ¢ @
Y 5-12

a
6-32 ¢

L]
l:’
(=]
@

[
)

86-33 Y 5-13

-

®
n

6-44

<4 <]

86-45

6-46

=
6-51

B6-52 =

GENERAL MOTORS CORPORATION %>

B-a__

f-ag g5)

25_33)

- tan ¢ a5_21)

- tan ¢ a5_22)

- tan ¢ a5_23)

when sin A < 0. 015 use last

values for ag 911 2g-22> 26-23

36-31" %6-32° 26-33
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)

7 -V sinyf—

9'6-53 = r Vcosy

X-rsiny X
\'A

8654 ~
rVcosy

Y—rsmy%
a6—55 = r Vcosy

Z
. =Z—rsin'yV
6~-56 r Vcosy

12. C C

86-61 " “4%-31 % U5 %21

C C

86-62 = “4 2-32 * U5 202

a = C

6-63 = C48-33%C

5 26-23

C C

% 64 = Cg25-11 "

9 %5-21% %10 %5-31

C C C

+
86-65 = Cg 2512 ¥ Co25.00 ¥ C10 25 35 .

C C C

+
86-66 = Cs @5-13 ¥ L9503 ¥+ C1025.33

13. Compute A;l

Note: the upper right 3x3 submatrix consists of zeros.
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Block O. 5.2 Transform State Transition Matrix

Input:

Output:

S S
Bt 1)(6x6), At )(6x6), Bty t )(6x6)

Bt ot _y)(6X6), B(t,t\)(6x6)

1.

-1 S
Bt g) = Ag () Bt )ALt )

When t = t__ compute

N
§(tN’ to) = Agl (tN) §(tN’to) Aﬁ(to)

Bt ty) = 6-1(tN, t)
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Block II. 5. 3 Transform Difference Equation Coefficients

Input: A;l(tp)(6x6), B;, o1 6%2), c;’ o1 (6x1), r;,p_l (6x2)
Output: By 1q (652), Cp () (6x1), Ty () (6x2)
I Agl(tp) B 1
op-1 = A61(tp) dsp,p 1
I“p.p-l = Agl(tp) r:ip—l
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Block II. 5. 4 Transform Acceleration Related Measurement Coefficients

. 8 8 s s -1
Input: a'Ip (6x6), 2Jp (6x2), 3Jp (6x1), 'yp (6x2), A 6 (tk) (6x6)
Output: aJp (6x6), ZJp (6x2), 3Jp (6x1), 'yp (6x2)

_1 8
Lo Jp = Ag ) 30 Agt)

-1 8
2. 2Jp = A6 (tp) 2Jp

_ a1 8
3. oI, = Ag ) g7
4. v =AZt()eS

P 6 "p"'p

Note: The upper three rows of all four matrices above are zeros and need not be
computed and should not be stored.
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3.4.3 Guidance Law and IMU Error Matrices
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3.4.3.2 Detalled Flow Charts and Equations
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Block IIl. 1.1 Form Weighting Matrices

Input: Table WU, Table WX

U X
Output: Wc_ 1 (2x2), Wc (9x9)

The matrices Wg_ and WZ( are both symmetric matrices. The elements of these

matrices are tabulated tunctions of fifty time points. The values of the elements in
the matrices are used in the time interval tj-l <t< tj' j=1,2,...,10.

U
1) Form Wc— 1
2) Form W}c( using the elements in the table to generate Wg_( (6 x 6) matrix
and fill the remainder of the 9 x 9 matrix with zeros.
wX 0
The form of W)c( = ¢
0 0
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5%

1

691-¢

MaLr

I Vaglitiull ;
“ . . N
(1x 4

Stored

Computed

T ., AT e, gt

ci’ " el
$ a..

o

1=1,2,...,10

w

Yoa

ﬁlmv
T

p ) H. . c p-i,p-i-1

@Iw-
mulm ’

i ) €x6)

.IM Hvlu.l
i1 %2

p-i-1 6x1)
p-i-1 6 x2)
1x1])

) ax

155 A M
o B O
= o) .. -
o e —
o - =3 o
- i 0
hid o
e cod
. N |
-~ < . &y
[ . 2
. - e
. ™
3

Block III. 1.2 Set Up Guidance Law

n' 2 number ok

records _umgmmsy

ﬁO and HOIH .....

minus one
o~
l
1§
— oy -t
@ be R
< . =}
S ot
o z ]
S VM
—
— _
i H
I
= A
Co N %,
W3 o R

Output

® 6x6
c,c-1 (6x6)
$ 1x1
c c,c-1 (1 x1)
6x2
WQ.?H (6 x2)
6x1
R OPoIH ©x1
T 6 x 2
¢, c-1 6 x 2)
. 1
. oH,o.o..H (Ix1)
*
"
°
i
Qo
g
Im.1.2.1 I 1.2.2
iCompute Difference
Compute Transition Equation

Matrix for Actual —® Coefficients for
Control Interval Actual Control
- Interval
%
= 1y
A a,
- o
2, )
™
an <
—{
y-={ I
. m 5
3 @ -
i o -
M.,)“ o

ﬁ.v

Emnﬂnﬁwm for >oﬁ=mu Control Interval
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Block III. 1.2.2 Compute Difference Equation Coefficients for Actual Control Interval

I : @ 6 $ 1x1), 2),
nput p,p—i( X 6), ¢ p,p-i 1x1) Bp—i, p-i-1 (6 x 2) Cp-i,p—i-l (6 x1),

Output: Bc,c—l 6 x 2), Cc,c—l 6x1), rc,c—l (6 x 2), crc,c—l (1x1)
n'-g
1) Bc:,c-l - 122 OQp,p—i Bp—i, p-i-1
n''-1
2) Cc,c—l B 1Z= Oép,p-i Cp-i,p-i-—l
n''-1
3) I‘c,c-l B iz= 0 Qp,p-i Fp—i,p—i—l
n''-1
4) crc,c-l B iz=0 [cép,p-i][crp-i,p—i-ll

where i=0,1,2,...,n'"-1
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Block III. 1.3 Augment State Transition Matrix

. 6 : - 2 6 x 1) %
Input: §c+1,c( x6) - B ,c(6x ) Cc+1,c< Y cc+1,c(1X1)

c+1
0, (2x6),0,(2x1), 0, (1x6),0, (1x2),1(2x2)

: @ '
Output actl, o 9x9)
s c -

ctl,c Bc+1,c ctl,c-
$ =

a ctl,c O1 4 I 02

¢
03 04 c ct+l,c
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Block . 1.4 Computed Extrapolated Control Cost Matrix

X
2¥orn, 0% Ty (6x9), W (9x9)

m (9x9)

Input:
Output:
The following matrix multiplication is performed

n om o=l 1+ W]

c a ctl,c

1m0

Mot laletl,

Equation 1 is rewritten below to indicate the fact that 534y c has four zero sub-
matrices which may be pertinent to the method used to code the equation.

The T matrix may be partitioned as follows.

2)

3)

The dimensions of the submatrices are defined below.

np>

ctl

Dim [01]
Dim [02]
Dim [03]
Dim [04]
Dim [I]

|

(2 x 6)
2x1)
(1 x 6)
1x2)
(2 x 2)

311'
677
977
T T
1% 17
T
o | | 4
T
s o] L7"

I

Dim [ l‘n']
Dim [21r]

Dim [31r]

"

Dim [ 4‘lr]
Dim [51r]

"

(6 x 6)
6 x 2)
(6 x 1)
(2x 6)
2x2)

Dim [61r]
Dim [71r]
Dim [81r]
Dim [91r]

im

2x1)
(1 x6)
1x2)
1x1)
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Block ITI. 1. 5 Compute Control Gain Matrix

U
» 1
Input: rc;c—,l 6 x 2, . 9x9), Wc-l 2 x2)

Output: Ac (2x9)

T
c;c-1
1) arc,c-l = ; Dim[10] = (3x2)
10
A = {; 7 vq T u,1 T ,
2) o = thte e-1Mm T [ c,»c-l-l-\"'wc-l} [Jlec,c-11lm,]
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Block III. 1. 6 Compute Control Gain Matrix
Input: 1123 9x9), aI‘c, - 1(9x2),/\c 2x9)

Output: LR (9x9)

noom, =0m ] -] [ -1 0A T
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Block III. 2.1 Compute Body Axes

Input: Co (3x3), al,az. o,
Output: C (3x3)
1 0 0 cos ozz 1 -sin az cos al sin al 0
' = 3 -
1. [cr] 0 cos a, sina, 0 1 0 .ssinoz1 cos a, 0
0 -sin a3 cos oz3 sin az 0 cos a2 0 0 1

2. [c] = [clc,]
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Block IlI. 2.2 Compute Acceleration Errors due to Gyros

t t t
K!, K!, K
Input: M (3 x 3), ax, ay, az, C@3x3),t, ‘E:Oal’ J;oaz, toa3’ 1’ o By

Output: Gil 3 x 3), a1 i=1,2,3
2%
yy 1 21,
y
a
Z
%
2) a, | = MCf
23
m, (1 x3)

3) M(3x3)e m2(1x3)

m, 1x3)
A oy A m, A Mg
4) M1 = m2 ; M2 = m3 H M3 = m1
m3 ml m2
0 -a; ay r T K1 00 t g 0 K, Kga,
5) G.= | a 0 -a C™ M 0 0 Oo|+JC M [0 O o0 | adt
il z X o i t i
-a_ a 0 0 0 O o 0 0
y x
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Block III. 2.3 Compute Acceleration Errors due to Accelerometers

Input: CT (3 x 3), Mi (3 x 3), a,, K'4, K'5 i=12,3

Output: G, (3 x2) 1=1,2,3

1 K! 0
1) Gr12 = CT Mi 0 [lai] 4
0 0 Kt
1i=1,2,3
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Block II. 2.4 Integrate

Input: C(@3x3), G, Bx3), G, Bx2), 8, 1=(1,23), bt ¢
t t t
Output: ftOGudT (3 x 3), LcoGisz 3 x 2) ftoaidT @ x 1) (i=1,2,3)

The integration routine used in this section is the same Runge-Kutta routine which is
used in the nominal and actual trajectory blocks. The integration step size is the
minimum of the input value, &ty)q, and the interval between nominal control times.
A linear interpolation of data at tg time points is made to obtain data between these
time points when required as input to the integration routine.
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t
Block III.2. 5 Store fth dt Matrix
o

t t
P p -
Input: Lo G, dr 3x3), j‘to G, d7 (3% 2) i=1,2,3

t
Output: J"tp Gdt (3x 15)
(o]

The nominal observation times, t_, are defined by the tape generated in Blocks I and
II containing the input to Block IIIp2 At each of these times I{PG dt is formed as
indicated below and stored on tape for use if needed in the sensor block.

J,tp o Itp J,tp J‘tp Ftp Itp
1) Gdt = [ | G, dt G_. dt G__dt G, _dt G__dt G__dt]
" t 11 t 21 t 31 t 12 t 22 ¢ 32

o o o o (o} o o
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3.4.4 Actual Trajectory
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3.4.4.2 Detailed Flow Charts and Equations
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Block IV.2.2 Compute Aerodynamic Forces

. \]
INPUT: L V,r. B R S, Cp, Cy, Cypy Cyr Ca0 Cos @, ®
OUTPUT: U,U,U,D N, r
=v’ =1’ =po’ =’ —
1. Vet /X424 22
0 y
: LA
3. r =+/X2+Y2+Z2
I
4, U =—
=r r
5 'yssin-l[U.U]
i e
6 r = Vsiny
U -U siny
7. U = ——%
—u cos ¥
8. U =UxU
P —u -v
_ -B'(r - R)
9. p = (po+6po)e
2 4
10. CD= CD0+C2a +C4a
3 5
11. CN=CNa+ C3a +C5a
v
12. D=-Cp— U
2
13. N=C pu[cosch-sinch]
- N 2 i—u i-p
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Block 1V. 2.3 Compute Acceleration

INPUT: l_)_, E, M, R9 gO
OUTPUT: a,a,a,X VY Z a,f
x Ty 'z ==
1. a_ = (DX+NX)/M
2, a = (D +N /M
v = @ y)/
3. a, = (Dz+Nz)/M
R 2
4. g =g, ()
X
5 X -=ax--gr
6 Y -=ay—g;'
Z
7 Z =a -g,
A e . .
8 a =Xi+Yj+Zk
9 i 2

ax_1_+ay_1+azl_(
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Block IV.3.1 Compute Evaluation Equations (Set 1)

P : ’ ? ’ ’ ] ’ ’ ’ ] ’ )
INPUT CH’ RN Pr Py Bs By Cel Cez q1 9 kﬂ Py v, T, Ei
OUTPUT: q, E, a
s’ 'n
CH v
- = (2" m
Y % Tdry G (7T
) VBT 04 A b e

A
Hm21.73. qz-‘q, Cez—'ce

- P q
3. q, = kR tg’(—)) HC_V
& 9 = 9+ 9,
Jﬁ+§+%
5. a' = _1-—.
ge
6. m"eE +E_ (@) +E (au)2 +E (a')3 +E (a')4
o ™1 2 3 4
7. E = %
n T
8. Is EL < 0.00087 -
a. Yes: I:J =0
n
b. No: E = E!
n n
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Block IV.3.2 Compute Evaluation Equations (Set 2)

INPUT: X, Y, Z X, Y, Z, f, r, g, R, Ag
OUTPUT: 6,¢ B, a, h
1. I, =A5£
2 Y—t= As\_f
-1 Zt
3. 0 = cos [—]
r
a. IfYtZO then 0 <@ <
b. IfYt<0 then T < 0 < 2
-1 Xt
4 ¢' = tan 3 -m<é<sT
t
RV
a. If — <o 015 then ¢, = $,_q
X2y
b. If ———r——zo.015 then ¢i=¢'i

cos ¢)'( - 8in ¢Y"
5 B-—tan_1 v L st -m<p<T
' - cos @ sin ¢ X + cos @ cos ¢ Y; - sin 8 Z,
6 at -L
Be
7 h = (r - R)
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|
|
|
_
_
(12 S z'T=1
d,gMd L
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3.4.4.2.5 Integrate - Block IV.5

Input: .X.! ..Y" 2, X) ?! z’ q 9, E 9 -f—
S n ¢
Output: X, Y 2 X, Y, Z, Qy E, [ fat
(o]

The integration routine uses the same fixed step size as that used in the nominal
trajectory block and the integration routine is the same.
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3.4.4.2.6 Attitude - Block IV.6

INPUT: @ & B, Uy Uy B Yy 0 Ry by by
OUTPUT: al, az, a3, wPI’ wYA’ wRO
EI 1 0 0 0 cosop sino
XA = 0 cosa -sina 0 =-sinegp coso
BO 0 sina cos a 1 0 0
P.Y
., = tan—1 —I——-& -T<a, <
1 P.P 1
=I =Io
i
a, = sin [PI'Ebo] -5 S, S
-1 [XA " Boo
a tan -T<a_ <T
3 BO . %o 3
\
N %117 *16-1
1 ti - ti_1
a_.-a
. 21 2‘1"1’ >_ - -2 .
a, = a. =a_=a_ =0
- 2
2 ti ti—l 1
4 %1~ %30-1)
3 ti- ti-l J

wRo = COS8 02

cos as(al) - 8in a3(a2)

w. = cos a_ sin a3(a1) + cos aa(az)

YA 2

wPI = - sin az(al) + a3

de da o

att =t
o
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3.4.4.2.7 Compute épo - Block IV.7

Input: k, k, k,, k, h(tp_ ) By c@(tp’ tp_ ) 80, (tp_ AR crp, -1
Output: épo (tp)
. -k, [t ) -h]

= -1 o
1. 2Qp_1 |5 (tp_l)l (k, + [k +k, h(tp_l)]e 3" p-l
2. Using the noise generator and 2Qp-1 as the variance, generate a gaussian

random number with zero meanw (¢ ).
p p-1
= +

3. Gpo(tp) c§(tp, tp_l) 6po(tp_1) cI‘p’ p-1 wp(tp_l)

This value of 6p° is used with Py until a new value is computed.

Att= to’ 6po is computed in the initialization blocks.
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Block IV.8.1 Calculate Apocenter, Pericenter Distances

Input: go’ R,r, V, v
Output: ra, rp
2
1 M= go R
(r V cos x)z
2. p
v
3 ae =— 2
2u-rV
4. e=+A/1--z;L limit'a% to <1
e
5, Isa <0?
e
a. Yes: r = 1020
a
b. No: r, = a(l+e)
6. rp = ae(l - €)
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Block IV.8.2 Calculate Apocenter Position and Velocity

Input: r, r,r, V, V, y, yp, a,
Output: r,V
-a’ —a
S S LR ¢ N
1 P=o @ -Dr-f)Y]
2 r =-r P
L q =
[ 2 1
3 Va—"'« U(r "a)
a e
4 V =V PxU
—a a
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3.4.4.2.9 Extend Linear System Matrix Interval - Block IV. 9

Input: % p-10X8) (& (xD), B (6x2), C_ (6x1), Ty o1 6%2)
o, p-1 XD 0 0 (x1)

Output: P ko1©X8h (B (XD, By ((6x2), C oy (6x1), T . (6x2),
g, Gx)

1. B =B

+
p, k-1 p,p-1 Qp,p-l Bp-l,k-l

. = +
2 Cp,k-l Cp,p-l Qp,p-lcp—l,k-l

. = +
3 1‘p.k—l I‘p,p-l Qp,p-lrp-l,k-l

4. = +
crp, k-1 crp, p-1 Qp, p-1 crp- 1, k-1
> glp - gp 1t p -1

This block is entered when t = tp only. Some of the tp points are ty points in'which

case the output consists of Bk, k-1, Ck’ k-1> Xk’ k-1, cl'k, k-1, and gg. On the iteration

following a tk timepoint, tx =tk-1 and t = tp = tk-1 + Atp. At this time tp_3 =tk-1 and

Bp-1,k-1 = Bk-1,k-1 = 0. The comments made concerning B pertain to the C, T, and
T also.

c

6. k-1 = %,p-1%-1,k-1

T cqp,k-l - ch,p-l ch—l,k—l

A A
Whentp—tk F =§kkhand kal:(’hk-l' At the next entry, i.e., the
nextt time point, plk- e c®p-1,k
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3.4.5 Electromagnetic Sensors
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3.4.5.2 Detailed Flow Charts and Equations
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V.1 Basic Ground Tracking Information
Range and range rate vector equations

Nominal
x* = * -
e T B iEm

o* = R¥* -
2 = BEifmk

Actual
L = By 7Ty
il = Bp - iTmy

B’i‘(, E 1’:, Bk’ Bk are the nominal and actual position and velocity, i.e.,

Df __ - T T
B = e Xy X1 = (X Yy, 2]
©  Df T _ . . . T
B = Xge Xgo Xgd - = K Yo 7]
ika {Tp €0s @, cos (19 + wtk)
= = i 6 =
i£T iYTk irT cos cpi sin (i + wtk) i=1,2,3
12 {Fp SI0D;
-
, O Y
E0 S e o
0

The equations which follow are identical in the nominal and actual trajectory. The
nominal values will be designated by the superscript*.
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Define inertial probe (w.r.t. tracker) positions

ixp
iB - ti
in

Then the range and range rate from the trackers are

2 2 2.1/2
= + Y +
T S
T
. ig.lﬂ
p =
i ip

Elevation and azimuth angle of probe w.r.t. tracker

T
r L
-1 -_—
¥ = sin —1;—'1:-—1—— -90° < Y s 90°
T
-t
/1| 1p ]
CcOS8 co8 w
if €%
n = 0 s n s 360°
i a0 !
-1 ¥p
sin cos ,V
L if ©°% ¢
where
1" + 8 -
1xp sin lcp cos (16 wtlg sin P sin (1 + wtk) cos iXp
= ti
1A -
1yp sin (19 + wt.k) cos (16 + wtk) 0 1Zp
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i=1,2,3
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V.2.1 Instrument Covariance

2
01p inip
02
= .C, >
&7 1o
Symmetric

oipin
%ipin
Oi\);in

2
o

in

Where Cij's are obtained from table look up.

Test ip >pmax if yes set ip =10

2
if no, compute oip = ib0 + ib1 ip + ib2 iD

2 .. 2 .2 2 .4
g, = .,a +, .o, .
iP 1ao 1a1 1+ 1b1p) 1p + ia2 (1+ ibip) ip M ia3 1+ ibip)

P and ib are the actual values

2
Test p =2 p if yes, set

i

if no, use

2
012 and 0, as in input.

L in

4

1=1,2,3
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V.2.2 Tracker Observation Matrices

a.p 9.p 9.p ]
i i i o o 0
X, X, 8X,
3,0 9P 3P ap 8P 9P
X, X, X, X, X, X,
H, = i=1,2
i'T1 ay 0.y 3.y 1,2,3
i i i o o0 0
X, X, X,
U il o o0 0
_a_xl 8%, X, 3
9,p 8P 9.p ]

Xy Yy 8Z;
319 319 319
R
jHre = =1,2,3
ay B 3,

9 iXT aiYT aizT

e U el o o o 1
7
| 8%y Y 92 B
oX | oX, 85X, Py
3 9.
i—p = "ﬁ' = - ii—p—— =3 gp_lﬁ
8X, ox, 8Y, P
i (A G
Xg 8% 8,21 1Pk
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N

2
X
% 4 la Cpk| _y  Cpki'pk pk 1%pk
8X1 ipk ipk p3 i pk 0 i pk p3
ik ik i'k
. 2
y4
5 ok i¥pk , ¢ |1 _ Lpk| _, ipki‘pk
ox, i pk 3 ipk | P 03 i“pk o3
ik i’k i’k
. 2
v/
& o Cokifk o pkifpk L, 4 | L | pk
BX3 i pk p3 i pk i pk ipk p3
ik i'k i"k
S I U b S WA GO T VN
8.X, . 8X P 9, 5 P 8.Z,, 89X,
5,y _ 1 & ) &5 sin
E)X1 cos 1* L-1r,1, 1p 1p2 i
o _ 1 Y ) i¥p sin ¥
oX cos V¥ r,., .p 2 i
2 i Ti
o[ i _
A it 1% ain ¥
aX3 cos i\k irT ip p2 i
L i ~
B X 7]
oY 1 o LT ol - o
8iXT cos i\h 1rT P r 2 i axl
- T .
ai‘k - 1 ti - iYT sin ¥ _ ?_1_*_
aiYT cos i!k & ip r 2 i 8X2
L iT .
o,V - 1 1%, ) 121 sin y| - f_i_‘h_
aizT cos 1lll 1rT N 1‘.rTZ i 8X3
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9 B " [5.p sin ¥\ 8.0\ |
_ﬂ_ = .—1- + Si.n ( e + +£R _i.— - .yll 1 i
;)4 x' i k) p axX i’p \ cos ¥ axX
1 ip L_ i 1 i 1
3.m [ y" [a.p sin 4\ 8\ |
._..i__ = -L - CO8 ( e + wtk) + LR ...i_._ - y" 1
11
ax2 1xp i ip 8X2 i'p \ cos ilb axz
[ o1
5 _ 1 | (aip) -y (Bm 1*) ( o )
11
8X3 ixp —10 8X3 i'p cos i* 8X3 A
T “AY "
R ~sin (0 + wt) Ai¥r . Up (flp_) g (sm AR
0.X x" i 2 2 p \ 98X i’p \cos ¥/ 38X
iT ip | iXT +1YT i iT i {
[ 1]
o1 1 A&y Oy [ %° sin ¥\ 8V
AT e s A T T 2Y. ] 'p \cos ¥/ 8.
it 1p b i 1T P 1" %t
Ty
3N L 1_y2 81p ) o <sin i* ) < Bit )
11
8iZT_ ixp P 812,1, i'p cos 1# aizT
= 6
A 1Xp cos (19 +wt) + ti sin (1 + wt)

These partials are evaluated employing the nominal (*) values.

V.2.3 Set Up of Observation Matrix

The observation matrix form is set up in Dimension Block B. 5. It remains here to
place the computed submatrice in the proper locations, and set OC #0 iC #0

i=1,2,3.
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V.3.1 Nominal Measurement Angles

Three angles are measured by this instrument

*
sin_l(—-—x3 k )
- *
R k

i

Elevation angle a*

(" *
sin'1< Xk
[Xizk * xﬁzk] s
Azimuth angle 6% = b
*x
vos”] < Xk >
2 2 1/2
- * *
Xkt %2
« _ r
Subtended angle BH = 8in 1 <R‘o )
k

where r0 = radius of the planet

a*
o
H*

*
4Xk

V.3.2 Actual Measurement Angles

The equations are the same as in V. 3.1 except that R k" g*k.

H H H
Test Bmin s g <8 ; if yes, continue; if no, exit.

V.3.3 Observation Matrix and Instrument Covariance

= H (0]
I-Hc - (3x3 3x3)
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The nontrivial portion of the I-Ik matrix has dimension (3 x 3). It is represented by
the following matrix

-sin a* cos 6*

*
Rk

- sin 6%*

*
..XZk

H*
Xk
Xlk tan B

R*

*

Note: tanBH

- sin a* sin 6 *

*
Rk

2
cos 0%

x
Xlk

x
-X* tan BH

2k

The instrument covariance is given by

B = Ry

i
J

]

1,2,3
12,3

_X*
XZk

R*lz{ si

*
-X*  tan BH

3k

néx*

R*

2
k

where the Rjj's are obtained from a table look up as a function of time. Since 4R is

symmetric, only the non-symmetric elements will be part of the input.

V.3.

The observation matrix form is established in Block B. 5.
the computed submatrices in the proper locations. After

4 Setup of 4I-Ik

are set # 0.

It remains here to place
4Hk is set up, OQ and 4C
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V.5.1 Nominal Measurements

Radial altitude r* = th - ro

k
Rt - RY
Radial speed rl: = RE
r*
ge Dt
6=k *

V.5.2 Actual Measurements

]_)f r

61k

The equations are the same as in V.5. 1 except R K I_{l’:; R K

- R*

=k
V.5.3 Observation Matrix and Instrument Covariance
He = [gH » ggtHl
2x6 2x2
" or ar or 7]
X X X 0 0 0
1 2 3
RH = » N .
ar ar ar ar or ar
] axl 8X2 8X3 X 4 8X5 aXGJ
1 0
RBH = when BSFG # 0
0 1
. *
or _ or_ _ X1k
- - *
axl X 4 Rk

, ete.
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. X*
or - or _ _2 k
8X2 8X5 Rl‘(‘
or _ or _ 3k
8X3 8X6 Rl:
ar [ . XI kw

1
—— x* _r*
8X1 th 4k 'k RE |

1 - .
— X¥ - r* —=
BXZ Rl’: 5k 'k B]‘:

. X* i
or_ --!';- X* _ % ——-3*k
8X3 R.k 6k 'k Rk |

The instrument covariance is given by

R11 R12

R12 R22

6k "

where Rll’ Rogs R12 are obtained from a table look up as a function of time.

V.5.4 Setup of 6Hk

The observation matrix form is established in Block B.6. It remains here to place
the computed submatrices in the proper locations. After 6Hk is set up, oC and 6€
are set # 0.
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3.4.6 Navigation
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3.4.6.2 Detailed Flow Charts and Equations
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3.4.6.2.2 Extrapolate Statistics and Estimate - Block VI. 2

Input: Qk, e 1) (6x6), Apk— 1(nxn), I‘k’ e 1(6x2), crk, ke 1(1x1), 'yk(3x2),
le Table, Bk, e 1(6x2), Ck, ke 1(6x1), cék, k- 1(1x1), A% 1(nxl),
ﬁk_l(le), IMFG, ko, kl’ k2, k3, h, h, h0

. ] \l
Output: AP k(nxn), A§ i ox1), Q, (3x3)
. -k, [h-h ]
1. 2Qk-|h| (k + [k +khle 3 )
2. Qi is a 2x2 symmetric matrix which is obtained from table lookup as

described in the NAVIGATION section of 3. 1.

3. Form Qk which looks like
A [ 19% 0 ]
Qk =
) 2
4. Form AAk, k1
— 0
Tekr L ]
20 30
Ak 1™ 40 'k, k-1
Yk 60
- 50 70 -
Yk and ¢0 are used only if IMFG # 0. The dimensions of AAk, 1 and

the partitioned 0 matrices are given below.
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Dim [10] is (6x1) Dim [40] is (1x2) Dim [AAk, k-lj is (nx3)
Dim [201 is (2x2) Dim [so] is (n-12x2) Dim [70] is (n-12x1)
Dim [3o] is (2x1) Dim [ 60] is (3x1)
Form Aék, k-1
_ | -
k1 Bkt Ok ;
5 _ 80 1I 90 : 120
Ak, k-1 0 5 .
10 11 ¢ k, ko1 :
e e e - ————
o 13° ol
The dimensions of A‘;k k1 and its partitioned submatrices is given below.
Dim [@k, k—lj is (6x6) Dim [90] is (2x1) Dim [130] is (n-9x9)
Dim [Bk, k—1] is (6x2) Dim [100] is (1x6) Dim [11] is (2x2)
Dim [ck’ . 1] is (6x1) Dim [ 110] is (1x2) Dim [21] is (n-9xn-9)
Dim [80] is (2x6) Dim [120] is 2xn-9) Dim [Aék, k—1] is (nxn)

o T T
AP " a1 AP o % 110+ (a2 k1091 a2y 4]

o ATk
Ak k-1 ; Dim [_ 0] is (n-6x2)
0 14
14
&' = ~ A
A% T A% ko1 A%t AT ko1 Sien
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3.4.6.2.3 Update Estimate - Block VI. 3

Input: Ag?i{ (nx1), APl'{ (nxn), AQk, kg @x0)

Output: K (@ x var), Agk (nx1), APk (nxn), 121 (var x var)
1. iKk =0 i=1,2,.
2 4R = A%y
3. 2, =0 i=1,2,...,7

4 AP ® APk

Note: This block is not coded in the program, but the effect described herein
is obtained by storing the computed quantities in equations 1 through 4 in
the same locations as these quantities with primes affixed to them. Thus
the gains, K , the estxmate of the state, , the measurements,
and the covarlance before measurements by the sensors have tﬁe
same FORTRAN sym‘bt)ol< as the extrapolated values.
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Block V1.4.1 Uncorrelated Noise

Input: iRk (var x var)

? i ?
Output: 13 Kk (var x 1)

Generate gaussian random numbers with mean zero and variance determined by the
diagonal elements of the iRk matrix under the rule that:

variance of the jth random number = (1 + io’) irj j(tk)

j=1,2,... where rjj(tk) is a diagonal element of iRk

These random numbers shall form the vector

v!
i1l
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. Block VI.4.2 Correlated Noise

Input: z, % By ({x0)

Output:

Yk

(var x 1)

iRk is sent to the Triangularization Subroutine. Output of this routine is
a diagonal matrix iDR (var x var) and a lower triangular matrix iT Q
(var x var).

Using the noise generator and the diagonal elements OfiDR’ generate

gaussian random numbers. The variances of the Y random numbers
are (1 + j0) times the individual diagonal elements of the diagonal
matrix.

Pre-multiply the vector of / elements by iT Q to give i

3-227



AC ELECTRONICS DIVISION GBENERAL MOTORS CORPORATION %é\)}

Block VI.4.3 Measurements

. * \ i=
Input: i-Y-k (var x 1), 1Xk (var x 1), i__k(var X 1) (i=1,2,3,4,6,7)

Hpo 6x7) (1=1,2,3), @ (varx1) (= 4,t6)
4 (7x) (i =1,2,3), g (3x1), (15 x 1), ftk G dt (3x15)
i

Output: 2, 0=1,2,3,4,6,7)
- - * \ =
1. e = X LHp AT+ vy (1=1,2,3)
= D P - ‘e
2. L (W Sl T R AN (i=4, 6)
¢
= - y* k + -
3. 7%= ¥k 1% +{o Gdte+, ¥, -0
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. 3.4.6.2.5 Kalman Filter - Block VI. 5
Input: A)_?'k(nxl), AP'k(nxn), iHk(var X n), iRk(var X var), i_z_k(var x 1)(i=1, 2, 3,4,6,7)
Output: Aick(nxn, AP (mxn)
1. Is this first entry at current tk time point?
a. Yes:
APL‘ 2 AP'k
b. No:

11 é A
A% T A%
P

Tt
ATk = aFx

np-

e T T 7 -1
2. Ky = [ PRI0H G 0, PRITH T+ LR, 1)
’ 3. AR = A5 KT H AR

T T
4. AP = @- LKIGHD PR a- LK IGH D™ + LK LR, 10K
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3.4.6.2.6 Compute State Vector - Block VI. 6
Input: :_cDif(le), )_ck, Qk, k_1(6x6), Bk, k_1(6x2), Ck, e 1(6x1), Fk, ke 1(6x2),

X _,(6x1), b'@x1), gk(lxl), u 1(2x1), X (6x1)

Output: ?_{k (6x1), x, (6x1)
1. X = Xpir &
= \]
2 A 1 1 T B k1 2™ O ko1 G T Tk k1 et
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3.4.6.2.7 Linearity of Observation Matrices - Block VI. 7

Input: 7 8x2), W, @x1), b (2x1), ¢, (1x1)
Output: Ay (i=1,2,3,4,6,7)
1. Isi="7?
a. No: 2 = (X 3 -y X
where H Q H H H H, _H when

ik 'k 1T’ 2T’ 3 TI’H 'R
i=1,2,3,4,6 respectively

b. Yes:

O = D1 " Yk ¥een
T

A_ T
aa Dif [5Dif (1x6) D'T(lxz) C-11xD I}: (1x3) ]

np

[aJk(3x6) o9 (3%2) T, (3x1) I (3x3)7

= - x -
7“3 L= Y -0 - L I 2]

>
<
I
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3.4.7 Guidance
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3.4.7.2 Detailed Flow Charts and Equations
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3.4.7.2.1 Compute Cost Index - Block VII. 1
. |
INPUT: aéc, o-1 (9x9), m, (9x9), aMo (9x9), Mo (9x9), Fc, o-1 (6x2), Ac (2x9),
T
Pc-l (9x9), Qc_ (3x3), o c,c—l(lxD
OUTPUT: VN (1x1), Ac,c_l(9x3), Qc-l (3x3)

This output is required whent =t

N
T
1) r - c,c-1
acc-1 0
1
I‘c, c-1 20
Ac, c-1 B 30 40
50 crc c-IJ

3)  Vy =trace {l:aq’l,g]["lj[a 1, O:H:a o) * Z[a c, c-1][:”' :l[a c, c- 1][ ]
FONY FN EOL N R R S )

The dimensions of the zero matrices are defined below..

Dim [ 0] = (3x2) Dim [40] = (2x2) Dim [£0] = (1x2)

Dim [2O] (6x1) Dim [40]

i

(2x1)

Note: Qg is saved at t =tc and saved until the next time through this block at which
time it is Qc_ 1°
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AN

3.4.7.2.2 Compute Covariance of Perturbation State Vector - Block VII. 2

INPUT: al‘ ¢,c-1 (9x2), A, (2x9), a%,c-l (9x9), c' (6x1), ,P,_; (9x9),

Ag, c-1 (9%3), Qc.1 (3x3)

OUTPUT: M _(9x9)
a ¢

=qa- T A - T
aMc (I ac,c-1 c)aéc, c-l(aMc-l aPc-—l)an, c-1 a- aI‘c’ c-]_Ac)

T T
+ A
)(apc-l) (aéc, c-1) c, c-ch-IAc, c-1

+( %

a c¢,c-1
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Block VII.3.1 Compute Control Vector gc

. ' X
INPUT: c' (6x1), Ac+1 (2x9), azc (9x1), a§c+l,c (9x9), & 6x6)

o,N(

OUTPUT: u  (2x1)

Note: §c+1, (c6x6) is the upper left submatrix of a§c +1,c (9x9).

1) i[>c+1,o - §c+1,c §c,o
2> %N T %41,0%,N
" = ]
3 ¢ =%, NS
c"
4) c" = ; Dim [10] is (3x1)
10

5) ﬁc - -Ac+1 {[a§c+1, c] [aic] - gm}
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Biock VII. 3.2 Correlated Control Noise

INPUT: ch (2x2) , g‘_c (2x1)

OUTPUT: u  (2x1)

1) Qc is sent to the Triangularization Subroutine. Output of this routine is a
diagonal matrix DQ (2x2) and a lower triangular matrix Tq (2x2).

2) Using the noise generator and the diagonal elements of D~ as variances of the

elements, generate two gaussian random numbers with zero means in: i=1,2

3) Compute

4) u =4 +w
= -
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Block VII. 3.3 Uncorrelated Control Noise

INPUT: ch (2x2) , L
OUTPUT: n

1) Using the noise generator and the diagonal elements of .Q as variances of the

c
elements, generate two gaussian random numbers with zero means Ve i=1,2

2) u =4 +w
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4.0 USER'S GUIDE

4.1 INTRODUCTION

The purpose of this section is to provide whatever information is required to operate
this program to its full capacity. It is intended that this information be supplied in as
easy to use a form as possible. With this in mind this section was organized with a
general description of the tapes, matrix input format, time point definition, and units
preceding paragraphs, containing specific input instructions. The information con-
tained in the general description is applicable to all the input. The specific input
instructions relate to all the input which can be made to the program. The approach
is taken that, in order to make a computer run, certain input must be supplied to the
form of intermediate tapes (see 4.1. 1) or data supplied on cards. The required input
is established by following the specific instructions which are listed in the same order
as the input on the load sheets. The load sheets are included near the description.

The various ways of operating the program are described in Paragraph 4.2.2. It is
suggested that the user turn to this area, establish the operational mode designation
for the type of run that is desired, and use the description which is presented in order
to determine what input is required, both tape and card.

4.1.1 Description of Tapes

Tapes are referred to in this program by two names: These are intermediate tapes,
which are tapes containing data used in the performance assessment part of the pro-
gram; and output tapes, which contain the performance assessment output of the
program.

4.1.1.1 Intermediate Tapes

There are three intermediate tapes and they all have the same general format. The
first record consists of alpha numeric characters which identify the input used in gen-
erating this tape as well as quantities which were evaluated in the initialization of the
program. It is a "key"™ for the data just described which then appears in the second
record. The third record is another key which is used to identify the data which is
tabulated on all succeeding records. Records 1 and 3 are included for the convenience
of the user in identifying the data stored on these tapes when or if the tapes are edited
and the data printed out. The intermediate tapes consist of:

1. Tape 1 - Nominal and Linear System Matrices.

This tape contains the nominal trajectory and linear system matrices data
which is required later in the program. The linear system matrices are
required in the performance assessment part of the program, but the nominal
trajectory data is needed to generate the other intermediate tapes as well as
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being required in the performance assessment. Nominal trajectory data is
stored at tg time points while the linear system matrices are stored at t
time points. (See Section 4. 3 for time point information. )

2. Tape 1' - IMU Error Matrices.

This tape contains all of the information tabulated on tape 1 in addition to

IMU error matrices which are added to the records at time t =t,.. For one
nominal trajectory there may be several 1' tapes where the difference between
the tapes is just IMU data. Since the IMU data is added after the data at a t
time point, the locations of the nominal trajectory and linear system matrides
is unchanged in a tape 1 and a tape 1' at that time point. As a consequence,
tape 1' or tape 1 may be used interchangeably in the various modes of opera-
tion as long as the mode does not require the use of IMU error matrices such
as performance assessment mode using the IMU with instrument errors as

one of the sensors.

3. Tape 3 - Guidance Law Matrices.

This tape contains the guidance matrices which are tabulated at t; time points
where the t; are subsets of the ty time points. Again, for one nominal trajec-
tory there may be several guidance tapes. This tape is unique in that data is
stored starting at the end time point proceeding to time t =t,. This arrange-
ment is due to the fact that data is stored at the time it is generated in order
to get away from storage problems, and the guidance matrices must be cal-
culated starting with terminal conditions and finishing with the initial values.

4.1.1.2 Output Tape

The format and function of the output tape is different than that of the intermediate
tapes. An output tape is generated during all operational modes of the program, but
the data stored during the time that intermediate tapes are being generated, called
supplementary data, is not required to evaluate a performance assessment run. It is
data in excess of the data stored on the intermediate tapes and is used to diagnose pro-
gram ills or explain unusual output. If no intermediate tapes are generated, i.e.,
these tapes are input, only performance assessment data is stored on the output tape.

An example of the data arrangement on an output tape is presented below for a series
of runs in which the first run of the series is a mode 8 and the remaining runs are
mode 15. (See Paragraph 4.2.2.)
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. Run 1 |
A. Intermediate | B. Supplementary [C. Total Input Required |D. Performance
Tape Input Data for this Performance Assessment
Assessment Including
A
|- Run 2 | |-t Last Run ——————— =
L!E. Total Input Required |F. Performanc@ G. Total Input Required | H. Performance
; for this Performance Assessmenté for this Performance Assessment
| Assessment Including Vi Assessment Including
L] A. A A.

o

A list of both the supplementary and the performance assessment data is given in 4. 9
and consists of that data with the highest rank number. The intermediateinput is put
in A so that when the supplementary data which follows is printed, the data may be
printed before the print of the supplementary data without rewinding the output tape.
This is also the reason why C, E, and G contain the total card input that was required
to make that particular performance assessment run. The total card input includes
that data which was used to generate the intermediate tapes.

4.1.2 Matrix Input Format

There are three types of matrices which are supplied as input to this program. They
are:

1. Nonsymmetric
2. Symmetric, constant

3. Symmetric, time varying

There is only one nonsymmetric matrix, Mypyy, which is input and all 9 elements must
be supplied. There are a number of the symmetric constant or time invariant
matrices. These may or may not be diagonal matrices. A diagonality flag for each of
these matrices is supplied. If the flag equals 0, only the diagonal elements are

picked up and the matrix is set up as a diagonal matrix. If the flag = 1, the matrix is
nondiagonal and the program picks up the diagonal elements first, followed by the off-
diagonal elements which appear in the upper triangle. The lower off-diagonal elements
are set up with the program using the property of symmetry.

The third class of matrices have the same properties as the second class and are

treated and input the same way with one exception. The exception is that time is the
first item in each array and there may be more than one matrix, with different times,
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input to the program. The matrices are input with time monotonically increasing and
a matrix is used until the current time in the program is greater than the input value.
Assume that there is input room for ten matrices with different time arguments and
only the first four have been input. If the current time exceeds the time input on the
fourth matrix, for example, that matrix will be used for the remainder of the run.

4.1.3 Time Point Definition

There are six different types of time points defined throughout this program. These
are the nominal control, tg; minimum observation, tp; actual observation, ty; guidance,
te; store on output tape, tps and the output tape edit, t, time points. All of these sets
of time points are defined by means of the following input: TXi and Atxi (i=1,2,...,10).

txj are defined in the interval Tyj_j <t < Ty; by starting at Ty; and proceeding
backward, inequal intervals of Aty to the first point in the interval where
t >t4i-1- Txi must be input as an integer multiple of Aty.

The tables of Txj and Atxj need not be filled but should be monotonically increasing
at the last value should be greater than the end time of the program. If, and only if,
the table is filled and time exceeds the last table value, the program will continue to
use the last set of values to compute the tx time points.

The tG time points are times at which nominal control was generated in the nominal
trajectory program. Nominal trajectory data is stored on tape 1 at these times for
use in the actual trajectory. The tp times are time points at which linear system
matrices are stored ontape 1. This must also be a tg time point and both data sets
are stored at t = tp

The tk time points, times when observations by the sensors are called for, are a sub-
set of the t, time points since linear system matrices are required in the navigation
which also occurs at t =tg. Finally, the control times, t;, are a subset of the tk
time points since control is prefaced by an observation and navigation. The only
restriction on the tp time points is that they occur at tg time points which implies that
data may be written on the output tape, at t = tP’ between observations or control.

4.1.4 Units
The only units which are invariant in this program are those which measure angles.
These must be radians. For all other calculations, any set of mutually consistent

units may be used. There is no transformation between the input, computational or
output quantities so the output is expressed in the same set of units as the input.
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4.2 MAIN CONTROL

This section of the input identifies the intermediate and the output tapes and is used to
specify the operational mode of the program. During the first run of a sequence, i.e.,
stacked runs, any operational mode may be called for. During subsequent runs in

this sequence, only performance assessment runs may be made. It is the responsi-
bility of the user to make whatever changes to the flags in this section which are nec-
essary to accomplish this. If the first run was a performance assessment run, no
input change is required, but if an intermediate tape or tapes were generated, the
appropriate flags must be changed,

4.2.1 Tape Identification

The first four inputs to this section, 9 1to 9 4 are used to identify either the run
on a tape or the tape itself. In the first case, RUN NO. is used to distinguish one run
on an output tape from other runs on the same tape. This is accomplished by taking
the input, RUN NO., and storing with the input associated with that run. This iden-
tification is compared with an input to the tape edit routine, RUN NO. , which specified
which runs on the output tape are to be printed or edited. The three remaining inputs
9 2to9 4 are precautionary in nature and operate under the following rules.

a. New Tape 1 NO.

If a new nominal trajectory and linear system matrices tape with or without
IMU error matrices, i.e., tape 1 or 1' respectively, is generated during the
run associated with this input, the number in 9 2 is the identification of
that tape.

b. Old Tape 1 NO.

If a tape 1 or 1' is mounted on the tape units to be used for making perform-
ance assessments or generating other intermediate tapes, the identification
of the mounted tape is compared with this input quantity. If the two do not
agree, an appropriate error message is printed and the run terminated.
(See Paragraph 4. 11.)

c. Tape 3 NO.

If a new guidance law tape is being generated this input identifies the tape.
If a previously obtained guidance law tape is mounted for use in a perform-
ance assessment, its identification must be the same as this input.number.

The purpose of the last three inputs is to preclude the possibility of the wrong tape
being used during the operation of this program, If this danger is not significant or
if the bookkeeping is too laborious, one number, i.e., 0, may be used for all tapes
in which case the tests will always be passed.
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4.2.2 Operational Modes

Four flags, TRNOM, TRIMU, TRGLM, and TRSTP, are input to specify how much of
the program the user wishes to go through. He can, by means of these flags, operate
the program in the 16 different modes listed in Table 1. These modes and the
reasons for them are described in general terms in Paragraph 3. 2. Any of these
modes may be used as the first run in a series of stacked runs, but only mode No. 15
may be used for subsequent runs in that series. Page 21 of the load sheets indicates
the procedure for inputting data for stacked runs.

Table 1 and Figure 1 on the following pages also specify which tapes must be input
to operate in a particular mode as well as the card input in excess of the tape edit
input which is always required.

4.2.3 Headers

There are two héaders or descriptive comments which can be used to identify the runs.
Each of these consists of 10 BCI words or a total of 60 characters each. Both appear
at the beginning of the output section of the printout and header No. 2 appears at the
top of each page.

4.3 NOMINAL TRAJECTORY AND LINEAR SYSTEM MATRICES

The nominal trajectory block in this program is almost identical to, and does give
identical results as, the atmospheric entry trajectory shaping program described in
"Program Description for Nominal Atmospheric Entry Trajectory, " dated 31 July
1966. The computer time required for the operation of the trajectory shaping pro-
gram is considerably less than that required for the operation of this program because
the linear system matrices are always calculated along with the nominal. Normally,
nominal trajectories will have been generated on the trajectory shaping program prior
to use in this program, and the input data deck from that program may be used directly
with the following exceptions,

1. Only cards from locations 1 11 to 1 130 should be used.
2. A new nonzero input, hp, at 1 103 must be added.

3. The program must be terminated on time, i.e., whent = tEND'

Although, as was previously mentioned, the input to this section may have been
originated for a different program, a brief description of the input is provided
below.

4.3.1 Program Flags

Five flags must be input to specify which options in the program are to be exercised.
These consist of
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1. TRINP - defines whether the initial position and velocity are supplied in
spherical (TRINP = 0) or cartesian (TRINP = 1) coordinates.

2. TRPHASE - defines the phase of the mission at time t = t, when used as an
input quantity. This flag has values ranging from 1 to 7 corresponding to (1)
first supercircular phase, (2) first constant altitude phase, (3) skipout con-
trol phase, (4) free-fall phase, (5) second supercircular phase, (6) second
constant altitude phase, and (7) subcircular phase, respectively.

3. TRSBCL - specifies the condition which defines the beginning of the subcir-
cular phase. These conditions consist of speed reaching an input value VIN
(TRSBCL = 1) or having a negative radial acceleration when the roll angle
equals 0 (TRSBCL = 0).

4. TROPGN - specifies if the gains Ky and K in the constant altitude phase are
input constants (TROPGN = 0) or time varying (TROPGN = 1).

5. TRACC - specifies whether change to constant altitude is accomplished when
radial speed is zero (TRACC = 0) or when radial acceleration is less than an
input value and radial speed is greater than another input value (TRACC = 1).

4.3.2 Trajectory Data

The input to this section consists of that data which determines the shape of the nom-~
inal trajectory. The first subset of this data consi sts of the initial position and veloc-
ity of the vehicle in either spherical or cartesian coordinates, consistent with TRINP
defined above. The nominal control times tg are specified by means of the input Tagi
and Atgj as described in Paragraph 4.1.3. These values should be shown carefully
because they form the basic set of time points for the program and, as described in

4. 1.3, all other time points must fall on these.

A reference set of body axes Py, YAq, RQo is defined with respect to the body axes
at t =ty by means of input Euler angles a1y, Q@g9q, 03g- This input allows the user to
keep the Euler angles describing the attitude of the vehicle consistent between two
runs. For example, if after examining a run, it is desired to rerun a part of that
run, then the Euler angles a3, ag, ag of the first run at the time the second run
starts may be input as @39, @20, @3¢ of the second run. The time history of a1, a9,
a3 will be the same thereafter in both runs. Otherwise the angles may be input as
arbitrary values within the ranges of +m, +m/2, and +T respectively.

The roll rate gain By is used to compute the angular rate of the vehicle about the
velocity vector. The angular rate, wm, is computed from the equation

c:.)CD=KCO (coc- ©)

where (o - o) is the difference between the commanded and actual roll angle. The
magnitude of the angular rate is not allowed to exceed Bco rad/sec.
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Lateral control or that control which keeps the vehicle within the trajectory plane,
defined at t =t,, is dictated by the value assigned to € s- When eg is 104 the vehicle
remains relatively close to the trajectory plane. A value of 0.7 results in no lateral
control.

T, and r; are required input only if the program is started in a constant altitude
phase. They are respectively the time at the beginning of the phase and the radial
distance that the vehicle attempts to maintain. The initial roll angle, o, is always
input and is the value of the roll angle at t = to. Constant roll angles, o _, °°11’ ) 1’
must be input if the respective constant attitude phases (supercircular or subclrcu?ar)
are to be flown. If TRSBCL = 1, then VIN, the speed at which phase 7 begins,

be input.

If constant altitude phases 2 and 5 are to be used and TROPGN = 1, then gains K,;and
K;9 (phase 2) or Ky;and Koo (phase 5) must be input. These are constants which are
used throughout their respective phases in the equation which generates roll command,
®,, SO as to maintain constant altitude in the equation.

- K (t- T

C0C=

D |3

-1 .o T
+ sin (KlAr+K2Ar)+2e

where Ar = the difference between current radial distance and the radial distance
att = T¢, the beginning of the constant altitude phase

AT = 7, the radial speed
K3 = input used to generate lift downward during the first part of a constant
altitude phase. If K3 > 10.,
m e-K3 t - Tc)
2

is set to 0.

If TROPGN = 0, however, ( 1 and 73 or (g and Ty are input rather than Kj1 and Ky or
K21 and Kpg. These correspond to damping coefficients and the period of oscillation

for a second order system.

The angle of attack, a, is a constant through phase 1, 2, and 3, when it is equal to o',
an input quantity, and constant through phases 4, 5, 6, and 7 when it is equal to a'',
another input quantity.

Phase 3 may be divided into two intervals, (1) skipout control which exists from t = t3
to t = t'3 in which the roll control is computed from

2

= - ! - t

% " F1ot Fy E-TO+Fpp - TY
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A
where Tz} =t

2) modified skipout control which exists from t = t'g to the time when r = r_. The roll
3 S
equation is modified

2
= - ) + - t
0o = Fogt Fog ¢ T+ Fop (- T0)

where T' = t!
c 3

If the program is started in phase 3, TRPHSE = 3, T', must be input. Under these
conditions, if to >t'3 the program starts in the modified or second part of phase 3.

If TRACC = 1, then phase change from supercircular to constant altitude (i.e., 1or 5
to 2 or 6) occurs when either

r= Capc 8o

r o> / <
r Cvps gOR where Cvpc 0

or r =0

whichever occurs sooner. This is done because in some cases when 0, > /2 the
vehicle exceeds maximum g's because the change to constant altitude never occurs,
i.e., with Dp >1/2, ¥ nevers becomes 0. The change of phase is made earlier to
correct this situation and widen the re-entry corridor. The change is based on the
criterion shown so as to make it unit independent. The radial acceleration is com-
pared to a constant times the planet's surface gravitational acceleration and the
radial speed is compared with a constant times surface circular speed.

4.3.3 Vehicle Data

The data in this section defines the vehicle configuration. It implicitly defines the
L/D ratio and the ballistic coefficient M/CpS, among other things. The drag and
normal force coefficients are obtained from
2 4
CD = CD +Cza +C4a
o
3 5
= +
CN CNa Cga + Csa
The mass, M, of the vehicle, the radius of the nose cone at the heat stagnation point,
Ry, and the aerodynamic surface area, S, must be input in the appropriate units.
The value of RN is used only in the heat equations and will not affect the trajectory.
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4.3.4 Physical Environment

Over half of the input to this section is optional regardless of the mission or phase,
It is used to help evaluate the trajectory and consists of

1. Ej (i=0,..,4). This input is used to compute E,, which is a measure of the
integrated acceleration the pilot is subjected to. This input is independent
of units since it multiplies powers of acceleration always measured in
earth g's.

2. The heat equation input. The equations describing vehicular heating at the
stagnation point are shown below with the necessary input. They consist of
the convective heat equation

C

H n V.m
%= R &) (5
and the radiative heat equation
p
= o, H !
9, =y Ry ) €,V

v
If @ < 1.173: ql—»q, Celqce

)
If ,\@21.73. qz_‘q, Ccz—’ce

The remaining input does affect the shape of the trajectory. These items, consisting
of the planet's surface gravitational attraction, g,, the earth's gravitational attraction,
the planet's atmosphere surface density, py, and decay factor, 8', and the planet's
radius, R, must be input. The correlation altitude, h_, should be input as a nonzero
number. It is the single input used only by the linear system matrices to compute the
solution, &, to the linear homogeneous differential equation for the perturbative
density function

4.3.5 Program Control

The tp time points are specified by the input Tpi and Atpj using methods described in
Section 4.1.3. These time points are times at which the linear system matrices are
stored on tape 1. Navigation cannot be accomplished without these matrices and, as

a consequence, these time points specify the minimum observation interval which may
be used later in the performance assessment. Every tp time point must fall on a tG
time point.
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The time associated with the beginning of the program is tos an input quantity. The
only way the nominal trajectory can be terminated (without an error message) is when
t= tEND’ an input quantity. tEND should be chosen carefully because the time sched-
ules for control, observation, minimum observation, nominal control must be set up
so that all of these types of time points have a value equal to teNDp. That is, they
must be set up so that there is a tG’ tp’ tk’ and tc such that

=% "% =t " tenD

Two integration step sizes and allowable time errors are input to the program. The
first, 6t and €1, are used for all phases but the skipout, which uses the second set,
6t2 and e 9
The allowable time errors are the permissible differences in time between the current
value of time used in the integration routine and the exit time from the routine. If € is
chosen too small the exit may never occur from the integration routine and the program
gets caught in a loop. The minimum value of ¢ that can be chosen must be at least as
large as 1. E-X where X is the number of digits to the right of the decimal point in the
value for time when the run ends. For example, if the run ends when t = NNNNN. NNN,
then e > 0. 001. |

4.4 IMU ERROR MATRICES

The IMU error matrices are matrices which are tabulated at tp time points and con-
sist of numbers, which, when multiplied by the instrument error source magnitudes,
€j, represent errors in the measurement made by the IMU of integrals of acceleration.
The calculation of the data in this section and the generation of a 1' tape is called for
by means of flags in Section 4. 2 and should be done whenever the IMU is to be used as
a sensor and the error model of the IMU is desired. It is possible to use the IMU as
an aiding instrument without using the IMU error model in which case no tape 1' is
generated. The converse is also true; a tape 1' may be used to define the nominal
trajectory without using the IMU as a sensor. In either event, the use of the IMU is
defined by a flag in Section 4. 7. 1.

When the IMU error matrices are to be calculated all the input in this input block
must be supplied with the exception of the header which is optional. This input
consists of:

a. TROMG - a flag used to specify whether a strapdown (TROMG = l)or a
gimballed (TROMG = 0) configuration of the IMU is desired.

b. Mipmyu (3%3) - an orthonormal transformation which defines the orientation
of the instrument axes with respect to the vehicle's body axes.

C. BtyM, €1 - the step size used by the integration routine will be the smaller of
the input step size, GtIM, or the interval between tG time points which are
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defined in the nominal trajectory block. The maximum integration error, €p
should be determined with the same set of rules used for its counterpart in
Section 4. 3. 5,

d. K (i=1,2, 3,4, 5) - normalizing coefficients, are used to scale and properly
dimension the error matrices. These constants must be consistent with the
units of the error budget, €; (i=1,2,...,15) defined in the mathematical
model. The use of these conversion constants permits the error budget to
be input directly in convenient units. In general, Kj (i=1, 2, 3) is of the form
A/B where A provides the correct dimension, rad/ sec, to an element in the
error matrix and B is the correct scaling into units of the 10 error source.
Kj (=4, 5) is of the form C/B where C provides the dimensions length/ (time
squared) and B is as defined earlier.

e. Header - 10 BCI words may be used to identify the data on this tape if it is
desired. This heading is written on record No. 2.

4.5 GUIDANCE LAW MATRICES

A guidance law tape, tape 3, must be used whenever a performance assessment run is
desired. The input in this section is required in order to generate that tape. In the
event that only navigation is desired, i.e., the control used throughout the generation
of the actual trajectory is equal to the nominal values at the same time points, then a
dummy guidance tape, tape 3*, must be used. The procedure for generating this
dummy tape is given below.

The time points at which perturbative control vectors, uc, are generated is established
by the input T,; and Ate (i=1,2,...,10) as described in Paragraph 4.1.3. It is man-
datory that every tc time point be a ty time point and that tgNp, the time at which the
nominal trajectory terminates, is a t, time point. Notice that the control times are
established by input to this section, not in the performance assessment part of the
program, and that a change in the desired control time requires the generation of a
new tape.

If non-guided trajectories or performance assessment studies are to be made a dum-
my guidance law tape must be mounted on one of the tape drives. One dummy tape,
tape 3%, may be used for many different nominal trajectories. The important feature
of this tape is that the t, time points occur at some time after the performance assess-
ment run ends. The program tests at t =ty the time stored on the guidance law tape
to see if it is a t, time point. When using the dummy tape, the test is never satisfied
except at t = t,, but the control at this time is zero if both the initial estimate of the
state aXo and the terminal offset ¢'is zero. One quick way of generating a tape 3* is
by generating a dummy nominal and linear system matrices starting the program in
phase 4 of the nominal and with circular orbit conditions, and stopping the program
when t = tpyp is large. The integration step size would be on the order of 64 secs or
larger for this type run. This tape would then be used to generate the tape 3* which
would be saved.
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The control, Wg, and the state, W'z(, weighting matrices are input in tables with
time as the argument using the format described in Paragraph 4.1.2. The dimensions
of the weighting matrices are presented to indicate what constitutes reasonable values
for these quantities.

. X . .1 i=1,2,3
Dim {WC i,j)} = 5 for {j=1,2,3
L

Dim { W @, )} = for { 17556
c 2 j=4,5,6

(L/T)
1 i=1,2, 3
Dlm{W (1])}=m for{j_456
i=4,5,6
and {]=1’2,3

while the dimensions of the control waiting matrices are

Dim {W i,j)} = for {Ti’;

(rad) =4

The control law minimizes the quadratic performance index

= ZJ_KTW)C(?_(“'ETWSE

where X is the 6x1 state vector

VN

u is the 2x1 control vector

Increasing the value of the elements of the weighting matrices decreases the allowable
deviation of the state or control from the nominal. Therefore, if it is desired that the
actual and nominal trajectory have the same state at the end point, the state weighting
matrices should be larger when time is near the end time point than at earlier times.
If it is desired to use only roll commands, the state weighting elements for angle of
attack should be large relative to those for the roll command.

A header of 10 BCIwords is again available to identify this intermediate tape.
4.6 ACTUAL TRAJECTORY

Most of the input required to compute and integrate the differential equations of motion
in the actual trajectory is stored on tape 1 and used by this block of the program. Ad-
ditional input to this block falls in three categories:

1. It specifies the differences between the actual and nominal initial conditions,
vehicle and physical environment,
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2. It defines trajectory constraints.

3. It specifies observation and data storage times.

The actual trajectory is perturbed from the nominal by Xg, yo, Zg» Xo» Yo Zg if
TRNIC = 0. In addition, the drag and normal force coefficients are perturbed by
€5CDo and GCNa while the atmospheric density is perturbed by 8po. If TRNIC =1,
however, these quantities are computed by a noise generator using matrices Mo (6x6),
1Po (2x2), and 9P, (1x1) as the covariance matrices for uncertainties in the state,
aerodynamic coefficients and atmospheric density respectively. Regardless of the
value of TRNIC, My, 1P,, and 9P, must be input, using the procedures described in
Paragraph 4. 1. 2, because they are used as the covariance of the estimate in the
navigation block.

The density perturbation, 8pys 18 not constant as is 5CDO and 8Cy . It is computed
at every tp time point, other thant = ty, with a noise generator which requires the
variance ng, of 8py. The variance is computed from the input ko, k 1’ k2, k3 and
ho using the equation

-k_[h(t

35 Vp-1 ho)]

Q1= |1i(tp_1)| k + [k + koht, 1)l

p-1
where h (tp_ 1) is the radial speed at the previous tp time point
and h(tp_ 1) is the altitude at that time

The run terminates if any of six input trajectory constraints is violated along with a
number indicating which constraint was violated. This number is related to the con-
straint in Paragraph 4. 11. Three of the constraints, Gyax, Ahpyax, and ARy ax, are
tested every tg time point. These constraints require the aerodynamic deceleration
be less than an input value measured in earth g's, that the magnitude of the altitude
difference between the nominal and actual trajectory at a given time be less than an
input value and finally, that the distance between the nominal and actual trajectory at
a given time be less than a specified magnitude. The remaining three constraints are
tested only at the time at which the vehicle in the nominal trajectory begins phase 4,
the free-fall phase. These constraints are included to terminate the trajectory prior
to going through the free-fall if the subsequent re-entry is obviously unsatisfactory;
i.e., outside the re-entry corridor as defined by v,i, and Ymax: Or if the apocenter
distance is excessive. Take note that the flight path angle comparison is made as the
vehicle exits from the atmosphere, ¥ >0, and that the re-entry corridor is defined at
the entry point. Because the vehicle free-falls in a central force field the flight path
angle at exit is equal in magnitude but opposite in sign to the value at entry. In short,
both ymin and ymax are input as positive numbers with radian units.
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The remaining input consists of data used to compute observation time points, tk, and
output tape write times, tp. Paragraph 4. 1.3 describes how this input is used. The
user is reminded that the observation time points must fall on the time points to

which define the minimum observation interval in the nominal trajectory and linear
system matrices section. The only restriction on the tape write times, tp, is that they
fall on tG time points which means that the output tape may have performance assess-
ment data stored at longer or shorter intervals than defined by the observation points.

4.7 NAVIGATION SYSTEM
The input to the navigation system consists primarily of input required to define the
system configuration (specify which sensors are used), describe the instruments

(noise and bias on the measurements), and specify the estimate of the nine dimensional
state at time t = to.

4.7.1 System Configuration Flags

These flags define the dimension of the state vector as well as specify the aiding
instruments which are used at each observation time. The dimension of the state
must not exceed 34 or the program will not run. The minimum dimension is obtained
when the IMU is not used and no electromagnetic sensor bias errors are called for. .
When the bias flag, BSFG, has value of 1, bias errors on the electromagnetic obser-
vations are simulated and the dimension of the state is increased to include these
errors as new state variables. When BSFG = 0 bias errors are not simulated for the
electromagnetic sensors. The IMU is not an electromagnetic sensor and BSFG has no
effect on the dimension of the state when the IMU is used as the only sensor. When
the IMU is used (IMFG = 1) the dimension of the state is always increased by 18. If
the bias errors of the IMU are not desired, a tape 1 is used instead of a tape 1', but
the dimension of the state remains the same.

Four different types of aiding instruments may be specified by means of the flags in
this section. If the flag for an instrument equals zero the instrument is not used in
the performance assessment run. If the flag has value 1, the instrument is used
except for the ground tracker flag (TRFG) which is defined in greater detail below.

1. Horizon Sensor. Three angular measurements are made consisting of two
defining the local vertical and one defining half the subtended angle that the
horizon of the planet generates at the position of the spacecraft. Bias
errors consist of errors in these three measurements.

2. Ground Trackers. There can be as many as three of these located on the
entry planet. The TRFG may have a value of 0,1, 2,3 corresponding to
no tracker, 1 tracker, 2 trackers, or 3 trackers, respectively. There
are 7 bias errors for each ground tracker. They consist of errors in the
three cartesian components defining the position of the tracker and errors
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in the four measurements made by the tracker; i.e., range, range rate,
elevation and azimuth.

3. Radio Altimeter. Two measurements are made by this instrument. These
are altitude and time rate of change of altitude. The bias errors are errors
in these measurements. '

4. IMU. The three measurements made by this instrument consist of integrals
of aerodynamic acceleration resolved into the cartesian coordinate system.
These measurements correspond to the output of three integrating accelerom-
eters which measure nongravitational acceleration. There are 15 bias errors.
These are divided into gyro drift errors and accelerometer measurement
errors. The gyro drift errors are measured about each of the gyro input
axes and consist of initial attitude misalignment, constant drift, and accel-
eration dependent drift. The accelerometer measurement errors consist of
accelerometer bias errors and acceleration errors proportional to input
acceleration.

4.7.2 Ground Tracker

The input in this section defines the position of the ground trackers, the noise on the
measurements, and the use of the instruments whether or not an instrument called
for by the appropriate system configuration flag is used based on range or time
criterion.

The first two inputs, p;lax and pfnax’ specify distances from the vehicle to the
tracker beyond which the accuracy of the tracker is poor and the variances of the
radial distance and angular measurements are set to 105,

The location of the ground trackers and the visibility criterion of each tracker are
directly related to the re-entry trajectory being flown because this program is norm-
ally operated when the vehicle is close to the surface of the planet. A tracker cannot
be an object below its horizon; in fact, measurements made with elevation angles less
than 5 degrees are inaccurate. As a consequence, the field of view, a, of a tracker
is very restricted as can be seen from figure 2 below.

tracker location

altitude of vehicle

surface of planet

Figure 2 . Schematic Showing Relationship Between Field of

View and Elevation Angle ¢
o 4-19
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It is necessary to either position the trackers very carefully along the trajectory or
to use a "transparent™ earth if tracker measurements are desired. The transparent
earth effect can be achieved by making ¥, =~ m/2. While it is true that this results

in an unrealistic physical interpretation it can be used to simulate the existence of
more ground trackers so that the vehicle is in the field of view of at least one tracker
constantly. Another procedures which can be used to define whether a ground tracker
makes an observation at a particular time during the run is that of inputting a table of
iCj's with time as the argument. Reference to 3.4. 5. 2. 3 will reveal that this quantity
has two functions: it is a factor of the R matrix (the covariance of noise on the meas-
urements) and if iCj > 106, the instrument makes no observation.

The noise covariance matrices are symmetric, time-varying matrices defined by .C,,

. i
i21, j22, a3, b, by ib1s ib9, O, i¥s ozm, and the cross-correlation terms. The
range, ozip, and range rate, 0'?»15 , are computed as shown below.

2 2 4
0 = b+ (PG + (b (p)

2 2 .2 2 .4
o, . —ia +ia1 (1+ibip) ip+ia2 (1+ibip) ip +ia3 (1+ibio)

1p

4.7.3 Horizon Sensor

o]

The horizon sensor is located within the space vehicle and observations are made as
long as the half subtended angle is greater than the minimum permissible value,
and less than the maximum permissible value, Bmax- R, the radius of the planet
should agree with the value input in the nominal trajectory block. The noise on the
measurements is defined by a table of covariances tabulated with an argument of time.
The measurements are ordered: elevation o, azimuth 8, subtended angle g*; i.e.,
the R 1 is the variance of the noise on the elevation angle.

min’

4.7.4 Radio Altimeter

The radio altimeter is another instrument carried in the vehicle and the noise on its
measurements is defined by matrix ¢R which can be input as a table with time as the
argument. Altitude and radial speed are the measurements made by the instrument
and they are ordered in this fashion.

4.7.5 IMU
The only input in this section consists of that required to define the magnitude of the

noise on the measurements. This noise is due in part to the quantization of the output
of the accelerometers.
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4.7.6 Instrument Error Flags

The remainder of the input to the Navigation System section consists of data needed to
generate instrument bias errors or control system noise. The instrument bias errors
may be obtained in one of two ways. A noise generator may be used (TRNIB = 1) or
the values may be input (TRNIB =0). In the first case a covariance matrix must be
input. In the second case the numbers themselves are input.

A diagonality flag, 1Qqq, is supplied which specifies whether the covariance matrices
defining noise on the control system (see 4. 7. 11) are diagonal or not.

Seven flags: io (i=1,2,...,7) are input which allow the user to generate noise on the
measurements using a covariance matrix of (1 + 0)R but use R in the Kalman filter
equations which weight the observation as a function of the noise on the measurement.
If the statistics of an instrument are known accurately, o = 0 is used. On the other
hand, it may be desirable to study the effect on the navigation of perfect instruments;
i.e., no noise on the measurements. This can be done by making 0 = 1. The same
effect cannot be accomplished by making the elements of R, the covariance matrix for
the instrument, equal zero because the sum of a singular matrix and R are inverted
in the equation which calculates the gain matrix, K, in the Kalman filter equations.

It is only when R is nonzero that the inverse can be taken. The remainder of the flags
in this section are diagonality flags for the matrices defining the covariances of the
bias errors.

4.7.7 Instrument Bias Covariances

Input to pertinent parts of this section must be supplied if BSFG =1 and TRNIB = 1.

The covariance matrix for the bias errors of the ith tracker is a 7x7 matrix, B ,
. . i“o
which has the following form )
iBI 0 ‘]
= i=1.2.3
i, 0 B, . 1=12,

i L

where both the jBJ and {By, are symmetric matrices and are input using standard for-
mat. The ;B are 3x3 matrices whose elements define the tracker location errors in
cartesian coordinates. The By, are 4x4 matrices whose elements define the measure-
ment errors. The measurements are ordered: range, range rate, elevation, and
azimuth.

The horizon sensor bias covariance matrix 4B, is a 3x3 symmetric matrix whose ele-
ments are input using the standard format. The measurements are all angular and
consist of elevation angle o, azimuth angle &, and half subtended angle g in that
order.
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The radio altimeter bias covariance matrix, gBp, iS a 2X2 symmetric matrix whose
elements define the variances of bias errors in altitude and radial speed measurements
respectively.

The IMU bias covariance matrix, 7By, is a 15x15 symmetrix matrix which can be
partitioned as shown below.

7 Gl

0
0

o
i

7G2

7

B
0
0 a3
0

0
B
0
0

o W o o

0
7BG4
where 7Bgj (=1, 2,3) are 3x3 matrices defining the variances of the initial misalign-
ment, constant drift, and g-dependent drift of the jth gyro, and 7BG4 is a 6x6 matrix

defining the variances of the bias and g-dependent errors for accelerometers 1, 2,
and 3.

4.7.8 Control Noise Covariance

A time-varying table of elements may be input which defines the noise on the control
quantities &p, roll angle. The noise is put on the commanded control rather than the
actual orientation of the vehicle (in the case of the angle of attack there is no differ-
ence) and is generated at every control time, tc. The noise remains constant between
tc time points.

4.7.9 Initial Estimate of the State

The first nine elements of the estimate of the state vector at time t = to, must be input.
If no navigation mode has preceded the re-entry, the estimate is zero and no control

is generated. But, if navigation has been accomplished during an interplanetary phase,
the output best estimate from the interplanetary or deboost program may be input as
the initial estimate resulting in guidance being generated at time t = to. If the state
vector is larger than 9, all other components have an initial estimate of zero.

4.7.10 Sensor Bias Errors

If both TRNIB = 0 and BSFG = 1, then constant bias errors are input for the electro-
magnetic sensors called for by the system configuration flags. If both IMFG = 1 and
TRNIB = 0, then constant bias errors are input for the IMU. The notation of the bias
errors is defined below.
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Ground Trackers

. .th
d., d,, d (i=1,2,3) i tracker X, Y, Z location errors
il17i2 13
. .th .
id4' id5’ idﬁ’ id7 (i=1,2, 3) i tracker p, p, ¥, n measurement
errors

Horizon Sensor

a @ o ac‘SBH easurement e

Radio Altimeter

6%1 6% h, r measurement errors

IMU

initial misalignment, constant drift,
g-dependent drift: gyro 1

71’ %2’ 73

74’ 7e 5 7e 6 initial misalignment, constant drift,
g-dependent drift: gyro 2
7570 1%g0 759 initial misalignment, constant drift,
' g-dependent drift: gyro 3
7€10° 7° 11 bias, g-dependent errors: accel. 1
712’ 7913 bias, g-dependent errors: accel. 2
714’ 715 bias, g-dependent errors: accel. 3
The units of the 7¢; are dependent on the values of K'j G=1,2,...,5). See Section 4.4

for more details.
4.8 GUIDANCE

The only input to this section consists of an offset to the terminal point of the
nominal trajectory.

4.9 TAPE EDIT INPUT
The input to this section indicates which run on the output tape, how much data from

each block, and the interval at which this data is to be printed. An END card (see
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page 22 of the load sheets) follows the input in this section for every run which is to
be printed. The run numbers specified in this section must in the same order as the
run numbers on the output tape. If all the runs on the output tape have the same num-
ber and the tape edit routine inputs that run number, the tape edit routine will start
printing the first run and continue printing one run for each END card in the tape edit
input section.

In the event that no tape edit is desired after generating the tapes, no END card
should be enclosed but there must be a FIN card. If it is desired to edit a tape that
was previously generated and saved, the input to this section is standard as described
previously, but TRNOM = 4 (see 4. 2.2, this is mode 16).

The print code must be input as a 7-digit number. It specifies the rank number of the
printout in each of the 7 blocks of the program.

The rank number specifies the desired amount of print from the output tape. Rank
numbers and the corresponding print are shown below.

Block I - Nominal Trajectory Supplementary Output
0 - No print
Rank 1-t, o, écoc, ér, ¢, ¥, r, 6, ¢, V, v, B, NEXTT3, D, N,
qc,' q. phase No. , co'c

Block II - Linear System Matrices Supplementary Output

0 - No print

. -1

1 A6, A6
Rank 2 - Rank 1, B' , C ,r J, . J, I,y
p,p-1’ “p,p-1" "p,p-1" a p’ 2p 3'p y

3 - Rank2 F_(), F (t), E (t), E (t), E (t), . c' B', C,
F 3, E @' 3
3¢ p,0

Block III - IMU and Guidance Law Matrices

0 - No print

1-t, ¢, G G G G G G Wg, WZ(

Rank {
11’ “21° T31° T12° T22° T32
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Block IV - Actual Trajectory Output

0 — No print
1-t, AR, Ah, phase No., a}—(o’ X, X*, al, @y, aq, a’{, a*,
Rank < O3 Ypp Yypr Ypor Ypp YR YRor & I Ey Ef
9 qs’ Q. Q% xa’ rp’ Ta
2-Rankl, r, 8, ¢, V,v, B8, I, ¥, D, N, q, 9.
Block V - Elect romagnetic Sensors Output
{0 - No print
1-.0, .Y, Y* (i=1,2,3,4,6,7)
Rank 2—»Tr 19*1 S 5, R, H., H_ (i=1,2,3), R, H
1 =T 0 20 R P ey e %9 R B,
3 6 ®b 1B T oI e [

\
Block VI - Navigation Output

0 ~ No print

- ~ ' j=
1 x xle! == _}_(_ ’ i? (1 1! 2, 3,4’ 6’ 7)

| { [Eigenvectors, square root of Eigenvalues, volume,

1] 1
| square root of Trace ] of PXl’ PX4’ P X1’ P X4}
‘ b(t =t only)
Rank 2-»Rank1xk gAY (1,2,3,4,6,7), P, P, 8

3-Rank2, \X W&, 4 1 Py Py P Pav Pag Pay
] 1 ] 1 ]
k P014’ Pa6’ Pe7’ P d1r’ P d2’ P d3’ P a4’ P! ab’ P €7
— 1
4= Rank3, \ P AP Bkt Chker Tkker %k oD Q@

where the nxn error covariance matrix AP and the extrapolated matrix AP' may be
partitioned as shown below.
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P, (6x6) X >

X P, @x2) X >
<—XP, (1x]) X >
-+—— X Pn (3x3) X -
4—X Py, (x7) X >

AP = X P, (1x7) X >
X Py, (1x7) X >

X, (8x3) X >

—_—
XP_ . (1x1) X

'YW

XP . (2x2) X—

X P_ (15x15) X8>

and PX can be further partitioned

P, . (3x3) X (3x3)
P (6x7) = [ X1
X X (3x3) PX 4 (3x3)
Block VII - Guidance Output
0 - No print
1- VN’ u, gc, [Eigenvectors, square root of Eigenvalues,
volume, square root of trace] of M1 and Mx
Rank 2 -Rank1, ¢, M, A, I
= Ya'¢ ¢ ¢
3 -»R;mk 2, 1, aéc, -1’ Bc, -1’ Cc,c—l’ I‘c, =1’ crc, o1’
c ¢c,c-1

where the covariance of the perturbation state vector aMc may be partitioned as

shown

M, (8x3) X (3x3) X (3x3)
X (3x3) M, (3x3) X (3x3)
X (3x3) X (3x3) X (3x3)

The print times tw are specified by the Twi and ATWi (i=1,2,...,10) as defined in Sec-
tion 4. 1.3. Thesetime points are a subset of the tp time points defined in 4. 6 since
these are the times that data is stored on tape. -
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4.10 LOAD SHEETS

The load sheets are presented on the following pages.
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5.0 OPERATOR'S AND PROGRAMMER'S GUIDE: PROGRAM 131

5.1 GENERAL INFORMATION

Program 131 was written by the Los Angeles Laboratory of AC Electronics in
FORTRAN IV. It was originally checked out on the IBM 7040 and then converted for
use on the IBM 7094 with the machine configuration described in paragraph 5.3. It
should be noted that any attempt to compile and/or execute under any system different
from that described below may require modifications.

5.2 DECK ARRANGEMENT

The order of the FORTRAN decks that comprise 131.0 is shown by the compilation
listing as well as by the 8 1/2 by 11 vellum 407 listing, but will also be enumerated
here in condensed form along with a brief description of its function in the program
and the block number of the flow chart (where applicable) in paragraph 3.3 and 3. 4.

Deck Block No. Function

MAIN Program control initialization

WBLK Underflow control

FTART Program control

FOUT1 Interface between computational routines
and FQUT2

FERREX Error monitor

FTERM Termination control

FOUT2 Output tape writer

FNMCO A Input control

1932 Input conversions

DBIK C Block data ~ zeros out input matrices TW, DTW

EIGEN C Computes eigenvectors and eigenvalues

DIGVER C Prints error notes for negative eigenvalues

DEXERP C Prints error covariance matrix or extrapolated
error covariance matrix according to rank and
instrument flags

DGLAIN C Prints guidance law matrices input data

DHEADL C Prints heading at top of each page

DACTRA C Prints actual trajectory output

DIEDT C Driver for 131 edit program

DIFINT C Updates print time and reads in corresponding
records

DIGID C Prints guidance output

DIGILA C Prints guidance law supplementary output

DIIMU C Prints IMU error matrices supplementary

output

5-1
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Deck
DLISYS

DIMUIN
DINACT
DINAV
DINEMS
DINGID
DININ

DINNAV
DNOTRA
DINPRT
DNSTRU

DNUADJ
DINUT
DREREC
DITEMS
DATCA
DNOMIN
DPAIN
DPREIG
DPRTU
DRTMTL
DPEMES
DZETAL
DTINTAL
FMEQ1
FSPINV
FLTMTL
FMADD

FMMOV
FTABLK

5-2
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Function

Prints linear system matrices supplementary
output

Prints IMU error matrices input data

Prints actual trajectory input data

Prints navigation data

Prints EMS input

Prints guidance input

Reads and prints the input to the edit program
and the 131 program control input

Prints navigation input

Prints nominal trajectory supplementary output
Driver for the input subroutines

Prints certain vectors depending on the instru-
ment flags and the observation flags

Adjusts input upper triangular matrices so

that they may be used by INUT

Functions as both IN1 and IN2 as described in
Memorandum LA-3372

Reads in a block of records from tape IV
Prints EMS data

Finds eigenvectors, eigenvalue square roots,
volumes and traces

Prints input data for nominal trajectory and for
linear systems matrices

Driver for performance assessment input
subroutines

Prints eigenvectors and eigenvalue square roots
General matrix print subroutine

Dummy matrix print subroutine that calls PRTL
Special message routine

Prints "NO OBSERVATION" message when zeta
flags are zero

Determines printout of vectors and matrices
which depend on the tracker flag and on the
zeta flags

Matrix inversion routine

Interface between computational routines and
SPINV

Matrix multiplication routine

Matrix addition routine

Matrix move routine

Table look-up routine
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Deck Block No.

FMATHD

ARTAPE

FEXPND

WMMUL

FMTRN

NINTG I.4

MMO

MNTM

AWTAPE

MNOM

MNR B.1.4

MNC I

MNG I.1

MNI 1.2

MNH I.2.1

MNF I.2.2

MNA I.2.3

MNT 1.3

MNX I.5

MNO 1.6

MNV 1.8

MNTP

MLZ B.2

MLSM

MLF I1. 1

MI1Q II. 2

MLL II. 3

MLM II. 4

MLT II.5

MND

MNZ B.1

MNZA

MNZB

MNS I.6.1A

A323 II1.2. 3

FSTRN III. 2.1,
I11. 2. 2

A322 Im.2.2

A321 II1. 2.1

FGDLM 1. 1

ALOGIC I11. 2

GENERAL MOTORS CORPORATION &:éj)

Function

BCD heading construction

Reads intermediate tapes

Forms full matrix from compressed matrix
Matrix multiply

Matrix transpose

Integrates differential equations

Vector move

Nominal trajectory logic

Writes intermediage tapes

Supplies running control of nominal trajectory
Computes reference body axes

Controls time dependent portion of trajectory
calculation

Computes commanded roll angle

Computes dynamics of vehicle

Computes roll angle

Computes aerodynamic forces on vehicle
Computes acceleration of vehicle
Computes time to integrate to

Computes vehicular attitude

Makes phase change initializations
Compute evaluation equations

No longer used

Initializes LSM data

Computes linear system matrices

Form state transition matrices

Computes preliminary LSM data
Computes LSM integrands

Computes system matrices

Transform to cartesian coordinates
Dummy subroutine for integration
Initialize nominal trajectory

Puts first BCI header on nominal tape
Puts second BCI header on nominal tape
Writes data on nominal tape

Computation errors due to accelerometers
Matrices for control interval

Acceleration errors due to gyros
Body axes derivatives

Logic for guidance law matrices
Logic for IMU error matrices

5-3
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Deck

IZAIMU
AEVAL
ICMGL

NPRCON
FAUGTR
MATM
ANGLE

WPRODM
WPROD
FGLOG
FGUID

WORIZD
WADALT
WRAKIN
WRNTRK
WLECTG
F117Z
LNAV
LINNAV
LVI2
LVI4
LVI41
LVI42
LVI43
LVI53
LBVEC
LVI6
LVI7
WLOGIC
WINITL
V11Zz
MMN
FTRANG

LMATAD
MAG

MAI

MAD

5-4
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Function

Initializes IMU error matrices
Evaluation of derivatives for IMU error matrices
Guidance law matrices

Dummy routine for NINTG

Augment state transition matrix
Performance assessment logic

Actual and nominal measurement angles

Computes magnitude of vector
Computes dot product of 2 vectors
Guidance logic

Guidance computations

Horizon sensor calculations

Radio altimeter calculations

Basic ground tracking information
Ground tracker calculations

Logic for electromagnetic sensors
Matrix triangularization routine
Navigation control

Navigation initialization
Extrapolate statistics and estimate
Measurement control
Uncorrelated noise

Correlated noise

Measurements

State estimation

Setup of instrument bias errors
Compute state vector

Linearity of observation matrices
Electromagnetic sensor logic
Electromagnetic sensor initialization
Random number generator

Noise generator

Interface between computational routines and
F117Z

Matrix addition routine

Control computation - actual
Evaluation of derivatives

Dummy routine




Deck

MAH

MAJ
MAV
MAT

MAF
MAZ
MACT:
MAE
MAS
MAC
MAL

AC ELECTRONICS DIVISION GENERAL MOTORS CORPORATION %)

Block No.

-t -

-

- Ly |
SSSSSEES
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B

[\

Function

Computation of PHI
Computation of acceleration
Atmospheric density noise
Compute evaluation equations
Actual-time control

Attitude computation
Aerodynamic forces

Actual initialization
Performance assessment control
Trajectory constraints

Output control - actual

Actual control

Intermediate tape input routine
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5.3 MACHINE CONFIGURATION

Program 131 was compiled and executed on an IBM 7094 Mod II computer using the
AVCO IBM 7094 IBSYS operating system supplied by NASA/ERC.

Table 5-1 contains the unit table configuration used under this system.

LOGICAL
FUNCTION SYMBOL PHYSICAL FORTRAN IV
Library 1 SYSLB1 Al
! Library 2 SYSLB2 Unassigned
{ Library 3 SYSLB3 Unassigned
i Library 4 SYSLB4 Unassigned
Card Reader SYSCRD RDA
On-line Printer SYSPRT PRA
Card Punch SYSPCH A0
Output SYSOU1 A3 6
Alternate Output SYSOU2 A3
Input SYSIN1 B3 5
Alternate Input SYSIN2 B3
Peripheral Punch SYSPP1 B4 7
Alt. Peripheral Punch SYSPP2 B2
Check Point SYSCK1 B5
Alternate Check Point SYSCK2 B5
Utility 1 SYSUT1 A4 1
Utility 2 SYSUT2 Bl 2
Utility 3 SYSUTS3 A2 3
Utility 4 SYSUT4 B2 4
Utility 5 SYSUTS5 Unassigned
Utility 6 SYSUT®6 Unassigned
Utility 7 SYSUT7 Unassigned
Utility 8 SYSUTS8 Unassigned
Utility 9 SYSUT9 Unassigned
ATTACHED UNITS NOT ASSIGNED
A5 B6
A6 B7
A7 B8
A8 B9
A9 BO

INTERSYSTEM RESERVE UNITS

None

(7]

Table 5-1. Version 13 Unit Table Configuration
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5.4 PREMATURE TERMINATION OF PROGRAM

A run may be terminated prematurely due to two causes
(1) an input or a program error

(2) constraints in the actual trajectory are violated.

In either event, a special message is printed which locates the source of the problem.
The message is of the form

SPECIAL MESSAGE

TIME =

RUN NUMBER =
ERROR TYPE CODE =
POSITION CODE =
SUBROUTINE CODE =

The first two items in the list above refer to the time at which the error occurs and
the run number which is input in MAIN CONTROL. The remaining three items specify
the type of error and may be used in conjunction with the table below to identify the
program block, the subroutire deck and the sequence number of the card in that deck
pertaining to the error.

Error types 2 and 3 in Table 5.2 are tape handling errors which occur when the tape
read or write routines (SRTAPE and SWTAPE) detect one of three types of errors on
the tape. These are

1) Incorrect run number on tape

2) End of file (or time > 1. E10) detected

3) Tape unit number out of range
"Error types" 201 to 206 inclusive are designations which specify premature program
halts when these are due to trajectory constraints being violated. In addition to these
messages which are printed by the tape edit routine, there are messages printed

on line running from 1 to 6 which perform the same function. This data is shown
in Table 5. 3.

5-7
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ERROR LOCATION
Type Position Subroutine Block Deck Card No|
1 1 50 INPUT (A) FNMCO 36
2 1 203 NOMINAL () MNZ 454
2 2 203 NOMINAL (I) MNZ 488
2 3 203 NOMINAL (I) MNZ 497
2 1 215 NOMINAL (I) MNS 130
2 2 215 NOMINAL () MNS 210
2 3 215 NOMINAL (J) MNS 234
2 4 215 NOMINAL (I MNS 247
2 5 215 NOMINAL (I) MNS 260
2 1 3 GLM (III) FGDLM 51
2 2 3 GLM (III) FGDLM 54
2 3 3 GLM (III) FGDLM 65
4 4 3 GLM (III) FGDLM 86
4 5 3 GLM (IIT) FGDLM 105
4 6 3 GLM (III) FGDLM 125
2 30 3 GLM (III) FGDLM 195
4 7 3 GLM (III) FGDLM 206
4 8 3 GLM (III) FGDLM 217
4 9 3 GLM (II) FGDLM 219
2 10 3 IMU (III) ALOGIC 106
4 11 3 IMU (II) ALOGIC 127
2 12 3 IMU (IIT) ALOGIC 130
4 13 3 IMU (III) ALOGIC 150
2 14 3 IMU (IIT) ALOGIC 164
4 15 3 IMU (IIL) ALOGIC 189
2 16 3 IMU (II) ALOGIC 192
5 17 3 IMU (IIT) ALOGIC 195
2 18 3 IMU (IIT) ALOGIC 198
4 19 3 IMU (III) ALOGIC 208
6 20 3 IMU (III) ALOGIC 221
4 21 3 IMU (IIT) ALOGIC 245
2 22 3 IMU (III) ALOGIC 248
2 23 3 IMU (III) IZAIMU 87
100 1 111 NAVIGATION (VD) LVI53 262
2 1 253 ACTUAL (IV) MAZ 146
3 1 253 ACTUAL (IV) MAZ 146
2 1 256 ACTUAL (IV) MAC 141
3 1 256 ACTUAL (IV) MAC 141
*201-206 2 256 ACTUAL (IV) MAC 244
2 1 252 ACTUAL (IV) MAL 102
3 1 252 ACTUAL (IV) MAL 102
3 2 252 ACTUAL (IV) MAL 135
* More complete information is presented in Table 5-3

Table 5-2 Special Messages Associated with Premature Program Stops
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ERROR TYPE

On Line Tape Edit

TRAJECTORY CONSTRAINT

1 201

2 202

3 203

4 204

5 205

6 206

Predicted apocenter distance during free-fall
is greater than an input constraint
(c.>r_ )

a ma
Flight path angle at beginning of free-fall is
greater than an input constraint

(y> Ymax)

Flight path angle at beginning of free-fall is
less than input constraint

(Y < Yin)

The magnitude of the difference in altitude on
the nominal and actual trajectory at a given
time is greater than an input constraint

(Ah > Ahpja4)

The aerodynamic deceleration is greater than
an input constraint

1
(a'> Gmax)

The distance between the nominal and actual
trajectory at a given time is greater than an
input constraint

(AR >AR )

Table 5-3. Special Messages Associated with Violation of Trajectory Constraints
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5.5 TAPE HANDLING

It is the purpose of this section to specify the FORTRAN tape units that are used when
the program is operated in the sixteen modes of operation listed in paragraph 4. 2. 1.
This information is presented in Table 5-4 below. As many as four program halts or
pauses are programmed. The table below indicates which tapes are mounted and/or
removed when these occur. The tape numbers are defined in paragraph 4. 1.1, but a
brief identification is also presented below.

Tape 1 - nominal trajectory tape

Tape 1' - nominal trajectory and IMU error matrices tape
Tape 3 - guidance law matrices tape

Tape 4 - output tape

The elements of the table below consist of three symbols

a) First
1) R - remove

2) M - mount

b) Second

1) 1, 1', 3, 4, B - tape number corresponding to Tape 1, Tape 1!,
Tape 3, Tape 4 or a blank tape

c) Third
1) FORTRAN tape unit

For example, if mode 12 is desired, the copy tape is mounted on unit 0 at the
SPAUSE. When pause 00001 occurs, tape 1' is mounted on unit 1. When pause 00002
occurs, the old or original tape 1' is removed from unit 1 and replaced with the
guidance tape (tape 3). Finally, when the pause 00003 occurs, the new tape 1'is
removed from unit 2, tape 3 is removed from unit 1 and the output tape (4) is
removed from unit 3.
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MODE PAUSE 00001 PAUSE 00002 PAUSE 00003
1 R11, R43 |
2 R1'2, R43
3 R12, R31, R43
4 R1'2, R31, R43
5 R12, R31, R43
6 R1'2, R31, R43
7 R12, R31, R43
8 R1'2, R31, R43
9 M1'1 R1'l, R1'2, R43

10 M1'2 R1'2, R31, R43
11 M1'1 R1'l, MB1 R1'2, R31, R43
12 M1'1 R1'l, M31 R1'2, R31, R43
13 M1'2 R1'2, R31, R43
14 M1'1 R1'1, M31 R1'2, R31, R43
15 M1'2, M31 R1'2, R31, R43
16 M43 R43

For all modes mount copy tape on FORTRAN tape unit 0 at $PHAUSE

Table 5-4.

FORTRAN Tape Unit Utilization
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7.0 APPENDICES

7.1 EQUATION/PROGRAM SYMBOL KEY

A list of equation symbols and their corresponding program symbols is tabulated in
order to aid anyone wishing to relate the FORTRAN coding contained in Section 5. 2 to
the equations presented in Sections 3.3 and 3.4. This list is tabulated twice for

each section; first with the equation symbols listed alphabetically and then with the
program symbols alphabetically.

These keys are presented for all the blocks of the program inasmuch as one equation
symbol may have been defined differently in the different blocks. The program symbol
vs equation symbol list is not unique and is dependent on the block in which the symbol
is used, because several programmers worked independently on the various blocks and
this program uses blocks (the Electromagnetic Sensor and Navigation blocks) which
were coded in part earlier.
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7.1.1 Nominal Trajectory and Linear System Matrices

Equation
Symbol

a
a

a'

)
o

R -
o v ™ w N O

=
(0}

(oo B)
wn

JB°

O O O O

=1
i
[\

Program Equation
Symbol Symbol

AC,ABAR C
FBAR CN,
FPRI

ELA

SV (@3)
RVZE (6)
ATOO0(, J)
ATHR(, J)
AFOR(, J)
AFIV(, J)
TRA(, J)

o o
D

© w = o o

Q O 0 o 0 a0 o 0

-
o

o

OMl(, J)
DOMI(, J)
OMIP(1, J) D

S1G () e
DSIG (T) E
SIGP(I) E
CAPC E
CVPC E
CDh ngc@
CDZE

CTWO

CTHR E
CFOR

CFIV

GENERAL MOTORS CORPORATION @\éj)

Program
Symbol

CIv
CNAL
CE1l
CE2
CCH
CSIX
CSEV
CAIT
CNIN
CTEN

DEE ()
1,X
2,Y
3, 7%

DEEM

ELE
ESUB(I), EE(T)
ESUBN
EDOTN
DXI(I)

X1(1)

EBB(, J)
ECBC ()
EDB(, J)
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Equation Program Equation Program
Symbol Symbol Symbol Symbol
B AA(D) kH SKH

F 0 EF0 K1 CKONE

F 1 EF1 K:2 CKTWO

F 9 EF2 K3 CKTHR

F 10 EF10 K 1 CK11

F 1 EF11 K 12 CK12

F 12 EF12 K1 3 CK13

F2 0 EF20 K2 1 CK21

F2 1 EF21 K2 9 CK22

F22 EF22 K2 3 CK23

F2 $ DZET() Kco CKPHI

[P, s ZETA(,J)

F 1 FA(,J) M EM
IIIF2 FBCC(Q) m SMLM
IVF FBD(I)

n SMLN

g GEE N EN

8, GEAR N ENM

g, GSURF NEXTTi TNEXTI)

Gmax GMAX

P ELP

h AICH Py SPH

h HRHO Po PIZ ()

aJp ORI(, J)

2J o ORJ (1, J)

3J . ORK()
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Equation
Symbol

9

O

2

O o 0o o

=

rsrlrs

wn

Program
Symbol

5Q1
SQ2
SMLQC
SMLQR
SMLQS
Que

RVZE (I)
R(), RBAR
RT(I)

RAD

RDOT
RDDOT

RA (1), RVA(I)
RADA
RADC
RADM
RAMAX
RADP
RADS
RSURF
RSUBN

ROZ (I)

ESS
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Equation
Symbol
t
o)
t,t,
i

'3

<

d< 1<

<. < <«

Program
Symbol

TZERO
TNOW
TIME3
TTPR
TIME4
TEND
TPR()
TGO(I)
TIMEC
TCPR
LFGR(I)

UP@)
UR(@)
v

RVZE (4)

VA (), RVA()
VEEA
VBAR, V(I)
VT(@)

VEE

VIN

VDOT
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Equation
Symbol

X,Y,Z
(o] (0] [0}

Program
Symbol

RVZE (1)
1=1,2,3

RVZE (I)
1=4,5,6

AC()
I1=1,2,3

ALFA
ALF1
ALF2
AL(1)
AL@)
AL@3)

ALZE(Q)
I1=1,2,3

BETA
BATA

BPHI

GAMMA
GAP(,d)

THATA

RVZE(2)
SR(2)

Equation
Symbol

u

Ho

8t .t .
¢ p-1

B t)
Bt )
P, )
a(t,t

c p-

Bt 1\ 0

7

Program
Symbol

SR(3), EMU
RVZE (3)

PIE

RHO
ROSUR

CKi2
CK22

PHI
PHIL
PHIZ
PHIC
PHIC1
PHIC3
PHI11
PHI21

EFI

CAPA(, J)
CAPZ(,J)
CHI
UCHI
DCHI
FIZN(,J)
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Equation Program
Symbol Symbol
t,t PSI(,d
bty . J)
RN PSID(, J)
wco OMPHI
wPI OMEG(1)

EG(@2
wRO OMEG2)

w. OMEG(3)

YA
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Program
Symbol

AA()
ABAR
AC

AC()
1=1,2,3

AFIVE(, J)
AFOR(, J)
AICH
AL(1)
ALQ)
AL(3)
ALFA
ALF1
ALF2

ALZE()
1=1,2,3

ATHR(, J)
ATOO(, J)

BATA
BETA
BPHI

CAIT
CAPA(,J)
CAPC
CAPZ(,J)
CCH

CD

Equation
Symbol

1o

feo

‘N 1o
:4:
N

Program
Symbol

CDZE
CE1l
CE2
CFIV
CFOR
CHI
CK11
CK12
CK13
CK21
CK22
CK23
CNIN
CKONE
CKPHI
CSIX
CSEV
CTEN
CKTHR
CKTWO
CN
CNAL
CTHR
CTWO
CVPC

Equation
Symbol

Q
o
)

Q O a O
o o o
[\

o

13

-y
[

N
=

Nl
X

Q
Z
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2,
R

O
w
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N

vpc
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Program
Symbol

D

D
DCHI
DELPHI
DELT1
DELR
DELRD
DELT2
DGNUP(, J)
DOMI(, J)
DTGO(I)
DTPR(I)
DSIG (T)
DXI()
DZET(I)

EBB(, J)
ECBC(I)
EDB(, J)
EDOTN
EE (K)
EFI
EF0
EF1
EF2
EF10
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Equation
Symbol

DEE (T)
1,X
2,Y
3,7

DEEM
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et )
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C
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Ar
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Ip

I'BS

At G

At
p

oL

=2 o=
5 & W N

=0

I T I B - SR o I o O
N = O

-
o

Program
Symbol

EF11
EF12
EF20
EF21
EF22
ELA
ELE
ELP
EM
EMU
EN
ENM
EPI1
EPI2
EPS
ESS
ESUB( )

FBAR
FBCC(I)
FBD(I)
FPRI
FIZN(, J)
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Program
Symbol

GAMMA
GAP(, J)
GEAR
GEE
GMAX
GNU(,J)
GSURF

HRHO
LFGR(I)
OMEG(1)
OMEG (2)
OMEG (3)
OMPHI
OMI(, J)
OMIP(, J)
ORI, J)
ORJ (1, J)
ORK()

Equation
Symbol

Y

YP

8e

Program
Symbol

PHI
PHI11
PHI21
PHIC
PHIC1
PHIC3
PHIL
PHIZ
PIE

PIZ (1)
PSI(1, J)
PSID(, J)

QUE

R()
RA (D)
RAD
RADA
RADC
RADM
RADP
RADS
RBAR
RDDOT
RDOT
RHO
ROSUR

Equation
Symbol

0y CDi

11
®21

coc
Cpc 1

coc3

8

i-1

o o8

I*d

vt )

b, t
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p p-1
)
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Program
Symbol

ROZ (I)
RSUBN
RSURF
RT(T)

RVA (I)

RVZE (T)
1=1,2,3,4,5,6

SIG(T)
SIGP(I)
SKH
SMLM
SMLN
SMLQC
SMLQR
SMLQS
SPH
SQ1
SQ2
SR(2)
SR(3)
SV3

TCPR
TEND
TGO()
THATA
TIMEC
TIME3

Equation
Symbol

"BOO
N

Program
Symbol

TIME4
TNEXT (I)
TNOW
TPR()
TRA (1, J)
TZERO

UP()
UR()
Ul
uv{

V@)
VA®[D
VBAR
VEDOT
VEEA
VEND
VIN
VT{)

XI(I)

ZETA(,J)
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Symbol
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NEXTTi

t,t,
i
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pi
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7.1.2 IMU Error Matrices

Equation
Symbols
a,a,a
X'y 'z
al, az,a3
C
C
C
C

C!

0
T
0
T

“IMU

Program
Symbols

ACCEL
A123
CO,CX
CNOTT
CTMAT1
CMATI
CP

GI1
GI1I
GI2
GI2I

AIMUKI1

AIMUMM

MIMATT
ATROMG
ALPHA
ADLIMU

AIMUEP

Program
Symbols

ACCEL
ADLIMU
AIMUKI
AIMUEP
AIMUMM
ALPHA
ATROMG
A123

CMATT
CNOTT
co

CP
CTMATI
cX

Iy
GENERAL MOTORS CORPORATION AL

s

Equation
Symbols

a,a,a
Xy 'z

®p¥gr g

TROMG

al, 82, a3
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7.1.3 Guidance Law Matrices

Equation

Symbol

Bc+1’ c

c,c-1

B
p,p-1

Cc+1, c
c,c-1

C
p,p-1

I‘c,c—l
T

P, p-l
a c,c-1
cc,c-1

crp, p- 1

At

Program
Symbol

BC1
BCCM1
BPM1

CC1
CCM1
CPM1

™M
TMCM1

WUCM1
wWUoO

WXC

XwWO

GMACM1
CMAPM1
AGAMA
CGMA
CGMAP

DLT

CLAM

GENERAL MOTORS CORPORATION <S/AC\'\7>

Equation
Symbol

I
c

1-Ic+1

Qc, c-1
§c+1,c
§p, p-1
ac,c-1
c c,c-1

c§c+1, c

Program
Symbol

PIC
PIPRC

PHCCM1
PHIC1
PHIPPM1
APHIC1
CPHCM1
CPHIC1
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Program
Symbol

AGAMA
APHIC1

BCCM1
BC1
BPM1

CCM1
CC1
CGMA
CGMAP
CLAM
CPHCM1
CPHIC1
CPM1

DLT

GMACM1
GMAPM1

PHCCM1
PHIC1
PHIPPM1
PI1C
PIPRC

Equation
Symbol
arc, c-1
aéc, c-1
Bc, c-1
Bc+1, c

B
P, p—l

c,c-1
c+l,c
crc, c-1
CFP, p-1

A

c
cc,c-1
c§c+1, c

C
p,p-1

At
c

I‘c,c--l

T
P, p—l

c,c-1
ctl, c

p,p-1

=1 e e

c+l

Program
Symbol

™
TMCM1

WUCM1
WUuUO
WXC

WXO

GENERAL MOTORS CORPORATION <S/A\BZ>
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7.1.4 Actual Trajectory

Equation Program Equation Program
Symbol Symbol Symbol Symbol

a ACC [E, YOTA
a* AAN() [E, & DXI

t
a APR J E, @ X1
A, ATOO(L, J) fE4 UPS
A, AFOR(, J) E, EE (1)
A, AFIV(,J)
A TRAM f* AAQ)
AS 1 AITA [ FEN

f FPRN

B DOMI Fbt,t ) DZET
/B OMIP [F,3 ZETA
C DSIG g, GSURF
/¢ SIGP g, GEAR

o1 CE1 G .. GMAX

o2 CE2

H CCH h AICH
Cp CDST h* ACHN

o

C, CTWO h ACHZ
C 4 CFOR hi— 1 ACHL
CN,, CNST b, DACH

3 CTHR h oo DELHM

. CFIV

o ORI

E EDOTN J ORJ

n 2°p
E ESUBN J ORK
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n .
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Equation
Symbol

k,(i=0,1,2,3)

“u

3

= B =

00

=

=

1 oo
1Po
2Po

Program
Symbol

SK(1)
SKH
CKPHI

EM
SMLM
SWM
AMQ)

SMLN

SPH
SWP
AP, API
P2Z

QCAP
SQ1
SQ2
SMLQS
QSN
QUN

RSURF
RSUBN

RT(@)

ESS

Equation
Symbol

TRINC
t

X, ¥,Z
X,Y,Z
X,Y,Z

X s Y s Z ’
X002}
o 0 (0]
)'(*’ -Y*, z*’}

X*, Y*, VAL

t'>CDo
6CNa

&
0o

Program
Symbol

TRNIC
TZERO
TIM
TACT

TPT()
TGA ()

VT(1)

WRO

AC()
v{)
R

RVZC(I)

RN()

CXO
DYO
DZO
DXDO
DYDO
DZDO

DCDO
DCNA
DRHO
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Equation
Symbol

a¥

Ah
AR
AR

max

Ay

Atpy

&t

Program
Symbol

AN()
ALST

BETA
BATA
BPHI

GAMAX
GAMIN
DGNU
GNUP
CNU

DELH
DELP
DELRM
DTGA(I)
DTPT()
DELTI

EPN

THATA

ROSUR

Equation
Symbol
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Program
Symbol

PHI
PHIZ
PHIN
EFI
SIT
CAPA
CHI
UCHI
DCHI
CHIP

PSI
DPsI(, J)

OMN()
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Program
Symbol

AA (D)
AAN(Q)
ACC
AC(I)
ACHL
ACHN
ACHZ
AFOR
AFIV
AICH
AITA
ALST
AMQ)
ANQ)
AP()
APR
ATOO(, J)

BATA
BETA
BPHI

CAPA
CCH
CDST
CE1l
CE2
CFIV

Equation

Symbol

Program
Symbol

CFOR
CHI
CHIP
CKPHI
CNST
CNU
CTHR
CTWO

DACH
DCDO
DCHI
DCNA
DELH
DELHM
DELP
DELRM
DELTI
DGNU
DOMI
DPSI(, J)
DRHO
DSIG
DTGA (I)
DTPT ()
DXI
DXDO
DXO

Equation

Symbol

C4

B(t, t
C

-1
Ic@

CNa
T

c

CS

C

max

p-ﬂ
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Program
Symbol

DYDO
DYO
DZDO
DZO

EDOTN
EE (1)
EF1
EM
ENN
EPN
ESS
ESUBN

FEN
FPRN

GAMAX
GAMIN
GEAR
GMAX
GNUP
GSURY¥F

OMIP
OMN (1)
ORI
ORJ
ORK
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Program
Symbol

PHI
PHIN
PHIZ
PSI
P27

QCAP
QSN
QUN

R(D)
RAMAX
RN (D)
ROSUR
RSUBN
RSURF
RT (1)
RVZCI

SIGP
SIT
SK(I)
SKH
SMLM
SMLN
SMQS
SPH
SQ1
SQ2

Equation
Symbol

1}

max

v ‘ a

O
(=]

= -]

3'1 ‘_Lr-s
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Program Equation
Symbol Symbol
SWM M
00

SWP P

1 oo
TACT %
TGA(T) Ty
THATA 3
TIM t"‘i
TPT() Tp;
TRAM A6
TRNIC TRNIC
TZERO t

(o]
UCHI -1

[
UPS [E 4
V) v
VT() yt
WRO w

P

X() JE 3 c@
ZETA [F 2@
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7.1.5 Electromagnetic Sensors

Equation Program Equation Program

Symbol Symbol Symbol Symbol

i%o AEXP g BTMAX
Hmax
B min BTMIN

b, B2EXP

*

i B1*XP 6 THETAG

iC; CJG Ne ZETZA
C ZETA

Ho HA

Hro HB 0 RHO

HSFG HSFG s RHODOT
ig’i RHOSTA

IMFG IMFG ; RHOSTDT \a
ik

r RA o PHIG

RAFG RAFG

o RZERO o(matrix G. T.) COVR

r

- |

_k

r*

M % RAN

=k

TRFG TRFG

, YA

X

Y* YSTA
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Program Equation Program Equation
Symbol Symbol Symbol Symbol
AEXP .a YA Y
io i~
YSTA Y*
H =
BTMAX B
Hmax
BTMIN B . ZETA .C
min i
BIEXP bi ZETZA Og
BZEXP b,
1]
CJG .C,
. 1]
COVR Ground tracker
covariance matrix
HA iHTl
HB iHTz
HSFG HSFG
IMFG IMFG
PHIG ¢
RA r
RAC I Ty
RAFG RAFG
y * ok
RAN oIty
RHO 1_g
RHODOT 12
RHOSTA ig*
RHOSTDT lg'*
RZERO R
THETAG 8
TRFG TRFG
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7.1.6 Navigation

Equation
Symbol

BSFG
DIMFG
HSFG
IMFG
RAFG
SSFG
TRFG
TRNIB

Pie
o -l

k k

k, (i=0, 1,2, 3)

ik

Program
Symbol

BSFG
DIMFG
HSFG
IMFG
RAFG
SSFG
TRFG
TRNIB

BVEC
BEEKMI
CM1
CEEKM1

AIDEE
AIDK

SMLH
SMLHO
HDOT

HONE, HTWO
HTWO

SMLK
AIKK

Equation
Symbol

P, P

A"K A P

1
kKA o

Program
Symbol

APK

QKAY
QTAB
Q2K

QKM1

RDIAG
AIRK

AITQ

UVECMI1
UM1VEC

AIVK

WM1

XOVEC
XM1VEC
XKVEC
XDIP
XSQGK
AXHK
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Equation
Symbol
iYk

*
iX k

Program
Symbol

YA
YSTA

AIZK

AIALF

GAMMAK

TAUKM1

CTAKM1

ADELTA

ADELTT

DELTAY

EPSILN

ZETZA
ZETA

ETAK

SIGK
SIGMAI

PHIKM1
CPHKM1
APHIT
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Program
Symbol

ADELTA
ADELTT
AIALF
AIDEE
AIDK
AIKK
AIRK
AITQ
AIVK
APHIT
APK
AIZK
AXHK

BEEKM1
BSFG
BVEC

CEEKM1
CM1

CPHKM1
CTAKM1

DELTAY
DIMFGM
DIMFGN

Equation
Symbol

AAk, k-1

2y

DIMFG (m dimension)
DIMFG(n dimension

Program
Symbol

GAMMAK

HDOT
HONE
HSFG

HTWO

IMFG

PHIKM1

QKAY
QKM1
QTAB
Q2K

RAFG
RDIAG

SIGK
SIGMAI
SMLH
SMLHO
SMLK
SSFG
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Program
Symbol

TAUKM1
TRFG
TRNIB

UM1VEC
UVECM1

WM1

XDIF
XKVEC
XM1VEC
XOVEC
XSQGK

YA
YSTA

ZETA
ZETZA

Equation
Symbol

I‘k, k-1
TRFG

TRNIB

GENERAL MOTORS CORPORATION CEE&)
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7.1.7 Guidance

Equation
Symbol

aPc- 1

o]

1°c

O

1 "o0
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Program
Symbol

CPM
CDPM

DQ

AM

APCM1

QC
QCI
Q100

TQ

UMIVEC
UVECM1

WM1

AXHC

GMA

AGMA

CGMA
DLT

Equation
Symbol

GENERAL MOTDORS CORPORATION (36\'}

Program

Symbol
CLAM
LAMC1

PIC
PIP

PHICO
APHI
PHIC10
APHIC1
PHICIN




v

AC ELECTRONICS DIVISION

Program
Symbol

AGMA
AM
APCM1
APHI
APHIC1
AXHC

CDPM
CGMA
CLAM
CPM

DLT

GMA

LAMC1

PHICO
PHIC10
PHICIN
PIC
PIP

QC
QC1
Q100

Equation
Symbol

arc, c-1

M
a

aPC_ 1

aéc, c-1
a§c+1, c

X
a—c

Program
Symbol

TQ

UMIVEC
UVECM1

WM1

GENERAL MOTORS CORPORATION @é@

Equation
Symbol

Tq
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7.2 PROGRAM LISTING

The original of the program listing is supplied with the program decks.
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